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Summary 
 
 
 
 The main objective of this research is to fabricate and characterize an optically 
integrated interferometric sensor on standard silicon and silicon CMOS circuitry. An 
optical sensor system of this nature would provide the high sensitivity and immunity to 
electromagnetic interference found in interferometric based sensors in a lightweight, 
compact package capable of being deployed in a multitude of situations inappropriate for 
standard sensor configurations. There are several challenges involved in implementing 
this system. These include the development of a suitable optical emitter for the sensor 
system, the interface between the various optically embedded components, and the 
compatibility of the Si CMOS with heterogeneous integration techniques. The research 
reported outlines a process for integrating an integrated sensor on Si CMOS circuitry 
using CMOS compatible materials, integration techniques, and emitter components. 
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Chapter 1 
 
Introduction 
 
 
 
 The main objective of this research is to fabricate and characterize an integrated 
optical interferometric sensor on standard Si CMOS circuitry.  An optical sensor system 
of this nature would provide the high sensitivity and immunity to electromagnetic 
interference found in interferometric based sensors in a lightweight, compact package 
capable of being deployed in a multitude of situations inappropriate for standard sensor 
configurations.  There are several challenges involved in implementing this system.  
These include the development of a suitable optical emitter for the sensor system, the 
interface between the various integrated optical components, and the compatibility of the 
Si CMOS with heterogeneous integration techniques.  The research detailed herein 
examines a process for integrating an embedded sensor on Si CMOS circuitry using 
CMOS compatible materials, integration techniques, and emitter components. 
1.1 Dissertation Methodology 
 The integrated sensor system consists of an optical emitter launched directly into 
a SiO2/Si3N4 interferometer through an integrated waveguide.  Signals from the output 
waveguide are detected by CMOS detectors fabricated as part of the Si CMOS circuit.  
Signal processing of the detected interferometric pattern is performed by on-chip analog-
to-digital converters in the CMOS circuit.  The integrated optical emitter consists of a 
thin-film edge emitting laser.  Experimentally, the research concentrates on the 
development of the thin-film laser, the characterization of the optical interface of the 
integrated structures, and the integration of the laser and sensor components onto the 
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CMOS circuitry.  The research also examines the theoretical performance of a sensor of 
this type.   
 A modular approach was used to design the integration sequence for the sensor.  
Each of the optical components was developed and tested independently before 
integration.  The research was broken down into the following areas: 1. Development of 
the thin-film edge emitting laser; 2. Development of the waveguiding structures; 3 
Development of thin-film laser integrated with a waveguide structure; 4. Integration of 
waveguide structures on Si CMOS; 5. Integration of the sensor on the Si CMOS; 6. Test 
of the integrated sensor/circuit; 7. Examination of theoretical results vs. experimental 
results. 
 A standard quantum well structure was used for the laser material.  A layer of 
AlAs was grown between the growth substrate and the laser structure.  This selective etch 
layer was used to separate the laser epilayer from the substrate during the thin-film 
process.  Standard photolithography methods were used to pattern laser bars on the wafer.  
The bars were isolated in a mesa etch and the substrate was removed by laterally etching 
through the AlAs sacrificial layer.  A modified version of the wedge-induced facet cleave 
method was used to cleave the bars into individual devices.  The lasers were placed on a 
transfer diaphragm, where they were transferred to various substrates for testing and 
integration.  Individual lasers were characterized in terms of threshold current, output 
power, efficiency, and spectral characteristics. 
 Waveguiding layers consisting of silicon dioxide cladding layers and a silicon 
nitride core layer were deposited on silicon substrates.  Core layer thickness was varied 
based upon to the requirements of the sensor integration.  Test waveguide structures and 
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interferometers were fabricated from these substrates.  The test waveguides were used to 
characterize the loss found in the waveguides using the optical fiber scanning method.  
The interferometers were tested using a commercial laser and a CCD camera array to 
characterize their performance.  Interferometric sensors were constructed and their 
operation has been tested and verified. 
 Upon completion of laser development and waveguide characterization, a process 
suitable for Si CMOS integration was developed for the waveguide, sensor, and laser 
integration process.  The effects of integrating the laser with a waveguide structure were 
examined, as well as the coupling efficiency between the laser and the waveguide.  A 
basic model of this interface was developed. 
 In a parallel effort, waveguides were integrated with Si CMOS VLSI circuits.  
During the integration, care was taken since the waveguide structures were constructed 
using some of the same materials (e.g. SiO2) used in the circuit fabrication.  Very precise 
etch steps were developed in order to avoid over etching the circuit, and thus, damaging 
electrical components during the waveguide fabrication.  It was also necessary to protect 
exposed circuit components such as the input/output (I/O) pads in order to ensure that 
they were not damaged during integration.  To address this issue, all sensitive 
components on the circuit were protected underneath a sacrificial polymer layer.  This 
layer allowed components to be protected, while enabling easy removal of the polymer 
layer upon completion of the integration.  Upon successful completion of these steps, 
circuit performance after integration was characterized.  Light was launched into the 
waveguides using a commercial laser and the onboard Si CMOS detectors were used to 
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detect the optical output signal from the waveguides.  Detector responsivity was 
characterized and overall circuit performance was evaluated. 
 The work proposed above involved several graduate students working together. 
Each student was responsible for a different area integral to the project. The division of 
labor this project can be seen in Table 1. 
Table 1 Division of labor for the interferometric sensor project among the graduate students. 
 
Students Affiliated Professor Tasks 
Mikkel A. 
Thomas 
Dr. Nan Marie 
Jokerst 
 
1. All heterogeneous integration processes 
a. Interferometer on Si 
b. Interferometer on Si CMOS 
c. Emitter on Si embedded in 
interferometer 
d. Emitter on Si CMOS embedded in 
interferometer 
2. Simulation of coupling in and out of 
interferometer/sensor 
3. Thin-film laser development and testing 
4. Theoretical vs. experimental analysis for 
coupling from optoelectronic and optical 
devices 
5. Interferometer test and development 
6. Test setup 
7. Interferometric circuit testing 
Jeffrey Lillie Dr. Stephen Ralph  
1. Interferometer sensor simulation 
2. Interferometer test and development 
3. Test setup 
4. Test chamber development 
5. Interferometric sensor testing 
Karla Dennis 
Benita Comeau 
Dr. Clifford 
Henderson 
 
1. Chemical sense layer development and 
characterization  
2. Test setup – chemical delivery system 
3. Interferometric sensor testing 
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Table 1 Continued 
Dae-Ik Kim Dr. Martin Brooke  
1. CMOS photodetectors 
2. Si CMOS circuit design and development 
3. Circuit testing 
4. Interferometric sensor testing 
  
1.2 Dissertation Outline 
 This dissertation investigates the feasibility of an interferometric 
biological/chemical sensor using heterogeneously integrated optoelectronic and optical 
components.   
 Chapter 2 examines integrated sensor technology.  This chapter is divided into 
two main sections.  One section looks at the thin-film laser, while the second section 
investigates hybrid optoelectronic and waveguiding technology in sensors.  The chapter 
begins by looking at the underlying theory behind the semiconductor laser.  A closer 
examination is then performed on gain-guided multiple quantum well lasers.  Emphasis is 
placed on the gain mechanism of the lasers and the threshold current calculations.  
Concluding the laser section is an overview of the current state of relevant laser 
technology.  The second section starts with a brief overview of basic waveguiding theory.  
It then continues with a review of previous reports dealing with the integration of 
waveguides with  Si CMOS technology.  It concludes with a review of heterogeneous 
integration of optoelectronic devices with waveguides. 
 Chapter 3 reviews interferometric sensor technology.  The underlying theory 
behind an interferometric sensor is reviewed.  This review is followed by an examination 
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of the Hartman biosensor.  This sensor exemplifies the fundamental design that was 
employed in this work. 
 Chapter 4 examines the design, fabrication, and performance of the technologies 
used in the sensor fabrication.  The design decisions for the interferometric sensors are 
discussed, and the performance of the resulting devices is examined.  Testing 
methodologies for the sensors are also outlined.  Thin-film laser design is then discussed, 
followed by an examination of the results measured after fabrication.  An overall 
integration scheme for the sensor system is also detailed and evaluated. 
 Chapter 5 is a theoretical examination of the feasibility of the sensor outlined in 
this work.  The first section examines the semiconductor lasers of this work theoretically.  
The laser model used to simulate the laser devices is presented in detail.  The results of 
this model are reviewed and discussed.  These results are then compared with the 
experimental results detailed in Chapter 4.  The second section looks at coupling between 
the thin-film lasers and the interferometric structure.  The governing equations behind 
this analysis are presented and the results obtained from the model are discussed. 
 Chapter 6 completes the thesis with the overall conclusions from the work and 
some future directions for this research. 
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Chapter 2 
Integrated Sensor Circuit Technology 
 
 
 
 Hybrid optoelectronic integrated circuits (OEICs) combine optical components 
such as lasers and detectors with separate electronics such as Si CMOS.  By separating 
these components from each other, each component can be adjusted to deliver optimal 
performance.  OEICs have been shown to have an important role in the future of optical 
transmission and data processing systems.  OEICs provide low noise, high-speed 
operation because parasitic inductances and capacitances associated with wire bonding 
and wiring are significantly lower than current technology.  OEICs also lend themselves 
to low-cost mass production because of their reproducibility, reliability, and 
compactness.  These characteristics lend themselves ideally to sensor design.  Sensors 
have typically been slow and high noise systems.  By integrating optical components with 
Si CMOS photodetectors and analog-to-digital converters (ADCs), a fast, low noise, high 
sensitivity sensor can be realized.  The main hindrance to the development of OEICs is 
the development of an integration scheme that can account for the inherent structural and 
technological differences between the individual components.   
Optical structures integrated onto circuits must possess a fabrication process that 
is compatible with the circuitry.  For example, any high temperature step involved in the 
integration of a waveguide must fall within the thermal process tolerance of the circuits.  
For this reason, any optical structure used should be relatively simple to fabricate and 
require no processing steps that would damage the host substrate upon which they are 
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being integrated on.  Active optical devices should also be designed to minimize their 
power consumption and heat dissipation.  
 An optical interferometric sensor would present several difficulties in its 
realization as an OEIC.  The implementation of the sensor can be broken down into two 
main challenges.  A suitable optical source has to be developed.  For this research, a thin-
film edge emitting laser is being used.  Additionally, an integration scheme for the 
waveguide and sensor on the Si CMOS must also be developed.  An understanding of the 
interfaces and interactions between the active components and the interferometer has to 
be achieved.  The following section reviews the current trends involving these pertinent 
areas. 
2.1 Thin-Film Lasers 
2.1.1 Semiconductor Laser Device Operation 
 The underlying principle behind semiconductor lasers is the p-n junction.  In its 
simplest form the p-n junction consists of a p-type material in contact with an n-type 
material.  When the materials are separate, the Fermi levels of these two materials do not 
match due to the difference in carrier concentration between the two materials.  In order 
to accommodate this difference in the Fermi levels, holes diffuse across the junction from 
the p-type material to the n-type material, while electron will diffuse from the n-type 
material to the p-type material.  These diffusing electrons and holes combine in the 
junction between the materials, until a steady state condition is reached in the material.  
An internal electric field in the depletion region causes a drift current that opposes the 
diffusion current between the two materials.  At this point, the Fermi level is flat.  The 
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energy band structure for a p-n junction of a single material composition can be seen in 
Figure 1.   
 
Figure 1. Energy band diagram of a p-n junction at zero bias 
 By applying a positive electrical voltage to the p side of the junction relative to 
the n side, the internal electric field can be reduced.  This reduction in the electrical field 
allows the diffusion of carriers between the two materials.  Again, some of the carriers 
will recombine in the junction.  Some of the holes and electrons will recombine 
radiatively; the energy of their recombination is released in the form of a photon.  The 
photons will have energy Eg, where Eg is the energy difference between the conduction 
and valence bands of the material.  Some of these photons are emitted as light, while 
other photons are reabsorbed into the material, producing further electron-hole pairs.  
When the probability of the stimulated emission exceeds the probability of absorption, 
the condition known as population inversion occurs.  This condition is a condition for 
lasing in semiconductor lasers. When population inversion occurs, the quasi-Fermi level 
separation exceeds the band gap energy of the structure, Efn - Efp ≥ Eg.  This is known as 
the Bernard-Duraffourg relationship. [1]  The laser structure wil then experience optical 
gain in the energy range from Eg to Efn – Efp. 
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The relationship between the emission wavelength and the energy is given by the 
equation below, where h is Planck’s constant, c is the speed of light, and E is the band 
gap energy. 
 
E
hc=λ           [1] 
 
 For p-n junction constructed of similar materials, population inversion can be 
difficult as carrier can move through the junction easily from one side to the other due to 
the similar band structures.  In order to confine the electrons in the conduction band and 
the holes in the valence band to the depletion region better, a junction of dissimilar 
materials, called a heterostructure, can be constructed.  The energy band structure of this 
material can be seen in Figure 2.  Under forward bias, carries will diffuse into the 
junction, but they can not easily diffuse into the other side due to the large potential 
barrier due to differences between the band gaps of the two materials.  This double 
heterostructure junction under forward bias can be seen in Figure 3.  The presence of 
larger quantities of carriers in the junction increases the probability of radiative 
recombination between holes and electrons and makes population inversion easier to 
achieve. 
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 Figure 2 Energy band diagram of a double heterostructure semiconductor laser under zero bias. 
 
 
Figure 3 Energy band diagram of a double heterostructure semiconductor laser under forward bias. 
 
2.1.1.1 Gain-Guided Multiple Quantum Well Semiconductor Lasers 
 One of the most common laser structures fabricated is the gain-guided 
semiconductor laser.  Unlike broad area contact lasers, which inject current over the 
entire surface of the semiconductor structure, gain-guided lasers restricts the injection of 
electrical current to a small region along the junction plane of the laser.  This small 
change in laser design has several important advantages. [2]  By injecting current into a 
small area, the threshold current is greatly reduced, even during continuous wave (CW) 
operation in comparison to broad area lasers.  The lower operating current leads directly 
to a lower operating temperature.  Temperature is an important consideration due to the 
negative impact that high temperatures can have on laser operation.  The heat is 
generated by the nonradiative recombination of caries in the laser structure. [3, 4]  This 
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recombination is enhanced at the laser facets due to surface recombination.  There are 
more recombination regions in the facets of a semiconductor laser due to mechanical 
stress from cleaving and thermal stress during laser operation. [5]  As the heat increases 
in the laser, the band gap will shrink.  The reduction in band leads to in increase of the 
absorption coefficient of the laser.  An increase in the absorption coefficient will lead to a 
further increase of the recombination current in the laser, and thusly, more heat.  At some 
temperature To, this feedback mechanism becomes catastrophic to the laser operation and 
the temperature will cascade out of control.  This condition is known as thermal runaway 
and it can actually lead to the facets of the laser melting due to the high recombination 
current in these regions.  Cooling while still essential for some laser operation, should be 
avoided if possible since it adds to the system cost.  The decreased heat stress on the laser 
also leads to a longer device lifetime and reliability. [6-8]  Lifetime and reliability are two 
factors that have to be considered when deploying any system. 
 
 The fabrication of a gain-guided laser can be relatively simple.  In its simplest 
implementation, the p-side of the semiconductor is masked with an insulating material, 
such as silicon dioxide or a polymer.  A via is then etched in this insulation layer down to 
the semiconductor in order to create a stripe contact.  The stripe is on the order of a few 
tens of microns.  A broad area contact can then be applied, contacting the semiconductor 
only in the stripe region.  A broad area contact is applied to the n-side of the 
semiconductor to complete the fabrication.  This design can be seen schematically in 
Figure 4.  Other gain-guided laser designs have been implemented to more tightly confine 
the current injection into the laser structure. [9-11]  These structures restrict current 
spreading in the laser through novels means such as ion implantation. 
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 SFigure 4 Simple gain-guided laser schematic. 
 
 Current injected into a gain-guided laser spreads along the lateral direction of the 
device.  Accordingly, the carrier distribution within the laser is related directly to the 
current spreading.  Thus, the pumped gain region within the laser is larger than the size of 
the stripe and is nonuniform across the width of the laser.  This nonuniformity provides 
the guiding mechanism for the optical mode confinement in the lateral direction.  Since 
the carrier distribution is nonuniform, the optical lasing mode will only exist in regions 
where the carrier density is sufficient enough to support stimulated emission.  The 
injected current density of a gain-guided laser can be approximated by the following 
equation 
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 In this equation, y is the lateral position of interest and S is the size of the laser stripe, as 
seen in Figure 4.  K is a factor which accounts for the current spreading within the 
structure.  This equation indicates that the current density is uniform directly under the 
center of the stripe.  At a distance of S/4 from the center in either direction, the density 
begins to spread and decay exponentially.  The speed of this decay is determined by the 
current spreading factor K. 
 The carrier distribution within the laser is defined as 
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where Ln is the diffusion length of the carriers.  This equation may be simplified if 
current spreading outside the stripe region is ignored.  Current spreading outside the 
stripe region is small and has a marginal impact on the overall carrier distribution.  By 
ignoring its effect, a more compact and usable equation can be realized without 
sacrificing much in accuracy.  Under these conditions, the spreading factor, K, would 
approach infinity.  The carried distribution function would then simplify to 
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2.1.1.2 Optical Gain in Gain-Guided Multiple Quantum Well Lasers 
 In this research, the lasers that are implemented are multiple quantum well 
(MQW) lasers.  Most early semiconductor lasers were double heterostructure devices.  
These structures consist of a single material active layer region (0.1-0.3 µm) sandwiched 
between two cladding layers which have a larger band gap than the active region.  When 
the active region thickness of a laser approaches the de Broglie wavelength ( ≅λ h/p), the 
structure begins to exhibit quantum mechanical effects.  These quantum mechanical 
effects will have a large impact on the absorption and the emission characteristics of the 
laser, as well as the carrier movement throughout the device. [12-14] 
 Several theoretical models have been employed to describe how gain is governed 
in MQW lasers. [15-17]  The model detailed by Kasemset et al. is an appropriate model 
when considering the laser structures detailed in this work. [18]  In all quantum lasers, 
the energy levels for the electrons and holes in the valence and the conductions bands 
becomes quantized as the quantum well width, Lz, approaches the order of the de Broglie 
wavelength.  These energy levels can be found by solving the eigenvalue equation 
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where V is the finite potential barrier, ∆En is the quantized energy of the nth level 
measured from the band edge, m1 is the effective mass of the carriers in the well, and m2 
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is the effective mass of the carriers in the barriers.  Assuming simple parabolic bands 
with infinite barriers, the density of states in the conduction band can be derived as 
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where ∆El,c is the energy difference between the lowest confined electron state and the 
conduction band edge, mc is the effective mass of the carriers in the conduction band, and 
Int(x) is the integer function.  The total electron density, n, in the quantum well structure 
can be found by summing over all the discrete subbands in the energy band structure, and 
is identified in equation 7.   
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where Fn is the quasi-Fermi level, k is the Boltmann constant and T is the temperature.  A 
similar procedure can be performed to define the hole density of the quantum well 
 The optical gain of the quantum well for band-to-band recombination with the k 
selection rule can be given by [19] 
( ) ( )( vfcfEredM )Enm ecEg −= ρµπ 22
2h        [8] 
where |M|2 is the matrix element for optical transitions, ρred(E) is the reduced density of 
states for one direction of spin, µ is the electron mobility. and fn and fp are the 
occupational probabilities for the conduction and valence bands given by [20] 
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Gain occurs in the quantum well structure when fc > fv.  Under these conditions, 
population inversion occurs and lasing begins within the structure.  
2.1.1.3 Threshold Current in Gain-Guided Multiple Quantum Well Lasers 
 Threshold current is one of the most important physical characteristics of 
semiconductor lasers.  The current necessary for powering a semiconductor laser has a 
direct impact on the power budget of the optoelectronic system the laser is being used in.  
When designing a laser, it is important to ensure that the structure designed has a 
threshold current that falls within specifications of the desired power budget.  The 
threshold current of a semiconductor laser can be given by [21] 
⎥⎦
⎤⎢⎣
⎡ −⎟⎟⎠
⎞
⎜⎜⎝
⎛ +Γ=
11ln
2
11
0 210 RRLgne
JwwLn
thI ww
α
η      [10] 
In this equation, w is the width of the contact stripe, L is the length of the cavity, nw is the 
number of the wells, η is the internal quantum efficiency of the injection current, J0 is the 
initial current density in the quantum well, Гw is the optical confinement factor per well, 
g0 is the initial gain in the quantum well structure, α is the internal optical loss, and R1 
and R2 are the mirror reflectivities of the respective facets.   
 From this equation, it can be determined that the cavity length of the laser has a 
large impact on the threshold current of the laser.  Due to it presence in the first term of 
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equation 10, it can be seen that the threshold increases linearly with the cavity length.  By 
the same token, the exponential term decreases with increasing cavity length.  These two 
conditions result in an optimal cavity length, Lopt, which will minimize the threshold 
current of the laser given by [21] 
⎟⎟⎠
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 A similar dependency can be explored for the number of well in the quantum well 
structure.  If the assumption is made that the device parameters in equation 11, such as 
loss, efficiency, optical confinement, initial gain, and initial current density are 
independent of quantum well number, then minimum threshold current can be achieved 
when nw is given by [21] 
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By using equations 11 and 12, it is possible to design a MQW laser with a low threshold 
current, and thus low power consumption in the system. 
2.1.2 Reported ELO Thin-Film Lasers Research 
 A few groups have completed work in the area of thin-film lasers formed by 
separating an epitaxial laser from the growth substrate.  Concerns regarding performance 
degradation, material handling, and the formation of the mirrored facets on the lasers 
have made this approach particularly challenging.  [22-26] For example, one of two 
design choices can be made when forming the laser facets.  The facets can be formed 
prior to substrate removal or the facets can be formed after substrate removal.  Cleaving 
thin-film devices has proven difficult because of the fragile nature of the devices.  
Similarly, cleaving the devices before the substrate is removed also suffers from 
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challenges.  Once the lasers are cleaved and the facets are formed, the resultant devices 
are so small that subsequent processing steps become complicated.  The majority of the 
reported research discusses the design choices made and the fabrication of the lasers. 
 Layers Thickness 
(µm) 
7 p+ - GaAs 0.2 
6 p - Al0.30Ga0.70As 1.5 
5 GaAs 0.2 
4 n - Al0.30Ga0.70As 1.5 
3 n+ - GaAs 1.5 
2 AlAs 0.05 
1 GaAs Substrate  
Figure 5 Layer structure of the first demonstrated thin-film laser. The laser was a double 
heterostructure. 
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 The first reported thin-film laser was epitaxially lifted-off and was reported by 
Yablonovitch et al.  in 1989.  [25]  In this work, a GaAs/AlGaAs double heterostructure 
laser was grown on a GaAs substrate.  A sacrificial layer of AlAs was grown between the 
laser and the substrate.  All of the laser fabrication steps were performed before substrate 
removal.  P-type metal contacts were patterned on the top of the laser (TiAu).  A trench 
was then etched down to the n-type contact layer of the laser using H2SO4/H2O2/H2O 
(1:8:500) for 30 min
contacts formed two 
repeated over the surfa
completion of the con
F  
 igure 6 LI Curve of the first reported thin film
heterostructure laser [25].  utes.  AuGe contacts were patterned in this trench.  These two 
stripes along the surface of the wafer.  This stripe pattern was 
ce of the wafer.  The laser structure can be seen in Figure 5.  Upon 
tact metallization and an anneal, the wafer was coated with Apiezon 
20
W black wax and diamond cleaved into 0.55 x 5 mm samples.  A sample of this size 
contained approximately 20 lasers with a 550 µm cavity length.  Epitaxial lift-off was 
performed by immersing the lasers in 10% dilute HF at 0° C for 1 hour and then the 
sample was bo
thin samples to
400 ns electri
performance w
utilizing this d
F .
While 
al.  demonstra
removal. [23]
GRINSCH) la
phase epitaxy 
completed bef
 igure 7 Layer structure of a GRINSCH SQW laser [23]nded to a glass or a silicon substrate.  The wax allowed these very small, 
 be handled.  The lasers were then tested using a 1 KHz duty cycle and a 
cal pulse duration.  A typical LI curve can be seen in Figure 6.  This 
as similar to the performance of the lasers on wafer and typical of lasers 
esign. 
Yablonovitch’s lasers were cleaved prior to substrate removal, Pollentier et 
ted a fabrication technique where the lasers were cleaved after substrate 
  In this work, graded-index separated-confinement heterostructure 
sers were developed.  The structure was grown by metal organic vapor 
(MOVPE) and can be seen in Figure 7.  Part of the laser processing was 
ore the substrate removal step.  Laser bars were mesa etched on the wafer 
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using H2SO4/H2O2/H2O (1:8:11).  A 50 µm AuZn stripe contact was deposited and 
patterned.  A moat etch was then performed to protect the Al0.60Ga0.40As layers from the 
subsequent substrate removal etch.  The resulting structure was encapsulated in black 
wax and immersed in HF:H2O (1:5) solution at 0° C.  After the structures were released 
from the GaAs substrate, an AuGe/Ni ohmic contact was deposited on the released side 
F
t  
 igure 8 Wedge-induced facet cleaving method. (a) A photoresist pattern is used 
to mask epitaxial laser film. (b) Wedges are etched out of the epitaxial film and 
he film is removed from the carrier substrate. (c) The laser film is mounted on a
piece of thin flexible metal. The metal is flexed and the material is cleaved into 
laser bars [23]. 22
 Figure 9 LI curves of a conventional processed GRINSCH SQW laser and a thin-film GRINSCH 
SQW laser [23]. 
 
Of the lasers.  The lasers were then prepared for cleaving.  Cleaving was achieved 
through wedge-induced facet cleaving (WFC), the method used to cleave lasers in this 
work.  This technique is based on a wedge-induced microcrack formation technique used 
in GaAs-on-Si growth. [27]  In this process, wedge-shaped notches are introduced into a 
substrate.  As long as the wedges are aligned with the crystal plane of the substrate, the 
substrate will preferentially cleave at the wedge locations when stressed.  Using this 
method, it is possible to achieve cavity lengths smaller than can be achieved by standard 
substrate cleaving.  This allows for greater flexibility in the laser design in order to 
minimize the threshold current.  The cleaving process is illustrated in Figure 8.  The 
lasers were mounted on a GaAs carrier substrate and the wedges were defined 
photolithographicly.  The wedges were 20 µm deep and 7 µm wide.  The wedges were 
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then etched out using a four-step etch process, using both wet and dry etch steps.  Upon 
completion of the etches, the lasers were removed from the GaAs carrier and mounted on 
a wax-coated piece of flexible metal.  The metal plate was flexed and the lasers were 
cleaved at the wedge locations.  Individual lasers were tested using a 20 kHz duty cycle 
and a 1 µs pulse duration.  The resulting LI curve for a laser with a 250 µm cavity is seen 
in Figure 9.  For comparison, an on-wafer laser of the same cavity length was also shown.  
The authors believe that the difference in the curves is due to some slight variations 
between the structures of the two lasers. 
A different approach to the thin-film process was presented by Yanagisawa et.  
al.. [26]  In this work, a thin-film AlGaAs ridge-waveguide laser diode was fabricated.  
As in the Pollentier work, the laser was designed as a graded-index separate confinement 
heterostructure.  Unlike that work, though, these lasers were multiple quantum well 
structures.  The laser wafer was metallized with AuGe/Ni/Au ohmic contacts.  Three 
  
Figure 10 Schematic detailing the integration scheme of a thin-film AlGaAs laser diode with a glass 
waveguide. [26] 
 
microns of gold was then plated on these contact metals.  The laser wafer was then 
cleaved into individual devices with a 300 µm cavity length.  A 1 µm thick bonding 
metal pad of AuSn was deposited on a Si substrate and the laser was bonded to this pad.  
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After bonding, the substrate of the laser was removed by etching it away using 
H2O2/NH4OH (30:1) to an AlAs etch-stop layer.  The AlAs layer was then removed with 
10% dilute HF.  After substrate removal, standard laser processing techniques were 
performed to form a ridge-waveguide laser.  For this work, the laser was embedded with 
a glass waveguide and can be seen schematically in Figure 10.  The threshold current of 
this laser was 63 mA and the LI curve can be seen in Figure 11. 
 
Figure 11 LI curves of a thin-film AlGaAs laser. (a) Power output from a laser facet. (b) Power. [26] 
 
 A related thin-film process used in laser fabrication involves the bonding of the 
epitaxial laser growth to a host substrate different from the growth substrate.  By bonding 
the epitaxial layers to a host substrate such as silicon, the handling issues revolving 
around the thin epitaxial layer are solved and standard processing techniques can be used 
to fabricate the lasers once they have been transferred to a host substrate.  Shieh et al. 
fabricated an InGaAsP ridge-waveguide laser using this method. [24]  The laser structure 
can be seen in Figure 12.  In this process, a metallic solder layer consisting of 
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Ti/Au/Sn/Au/Sn/Au (50/200/200/200/200/200 nm) was deposited on the laser substrate 
and the host silicon wafer.  The laser wafer was aligned with the Si wafer and the two 
 
Figure 12 Structure of an InGaAsP laser growth. [24] 
 
wafers were held together for 20 minutes at 420° C to completely bond the two wafers 
together.  After the bonding, the InP substrate was removed by immersing the structure in 
HCl.  Upon substrate removal, ridge-waveguide lasers were fabricated using traditional 
techniques.  The wafer was thinned to a thickness of 125 µm and was cleaved into 
individual devices with a 300 µm cavity length.  Lasers were tested with a 1 KHz duty 
cycle and a 650 ns pulse duration.  The lasers operated with a 24 mA threshold current 
and the resulting LI curve can be seen in Figure 13.  This Figure also shows the output of 
a laser grafted on a GaAs host substrate.  This laser had a 28 mA threshold current.  
Similarly, Fan et.  al.  demonstrated a GaAs/InGaAs ridge-waveguide laser bonded to Si. 
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[22]  The laser was a GRINSCH single quantum well structure.  Traditional fabrication 
techniques were used to develop ridge-waveguide lasers on the surface of the laser wafer.  
The wafer was encapsulated in black wax and the entire wafer was immersed in diluted 
10% HF to etch an AlAs sacrificial layer.  The epitaxial layers were released from the 
GaAs substrate.  The Si host substrate was metallized with Pd/Ge/Pd 
(1000Å/1300Å/250Å).  The Si wafer was then lapped down to a thickness of 100 µm and 
a 5000Å thick layer of aluminum was deposited on the backside.  The laser epitaxial 
layers were bonded to the Si wafer by Van der Waals bonding.  The bonded structure was 
then heated to 400°C to anneal the contacts.  The grafted structure was then cleaved into 
lasers with an 800 µm cavity length.  The LI for these lasers can be seen in Figure 14.  
These lasers had a 16.3 mA threshold current and a 0.4 W/A slope efficiency.  An on-
wafer laser is presented for comparison with the epitaxially lifted-off laser. The lift-off 
techniques demonstrated in this paper are used to fabricate the thin-film devices 
presented in this work. 
Figure 13 LI curves of thin-film InG
a threshold current of 24 mA, 
 
 Si
s
aAsP lasers grafted to Ga
while the GaAs grafted la
27GaA 
As and Si. The silicon grafted laser has 
ser has a threshold of 28 mA. [24] 
  
Figure 14 LI curve for a GaAs/InGaAs laser grafted to a silicon wafer. The dashed line is an on-
wafer laser of the same material. The dotted line is the laser on silicon. [22] 
 
2.2 Optically Embedded Interferometric Sensor Component Technology 
2.2.1 Optical Waveguide Theory 
 The theory of optical waveguides has been reported in many different sources. 
[28-31]  This section will give a brief overview of some of the important aspects 
concerning optical waveguides.  This section will examine an optical ray model which 
can be used to understand how light propagates in a waveguide. 
A quantitative relationship has been put forth that explains the propagation of 
light in a waveguide [32].  In this analysis, only the TE polarization is taken into account.  
TE polarization is dominant in unstrained MQW lasers, the optical sources used in this 
research.  By considering the step index waveguide parameters nf (film index), nc (cover 
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film index), ns substrate index, and W (waveguide film thickness) with regard to 
dispersion in the waveguide, a model can be constructed.  First, a zigzag ray model for 
reflection between two waveguide boundaries must be considered when describing the 
pulse path in the waveguide.  Dispersion is bounded by the transverse resonance 
condition that says that the sum of all phase shifts perpendicular to the direction of 
propagation in the waveguide must be a multiple of 2π for one zigzag period in the 
waveguide.  The implication of this rule is that the total phase shift of the wave must be 
an integer multiple of 2π.  One transverse passage through the waveguide results in a 
phase shift of knfWcosθ, where k = 2π/λ.  A full period consists of two transverse 
passages.  Phase shifts of –2θc and –2θs occur due to the total internal reflection (TIR) at 
the cover and substrate boundaries.  The phase shift could then be defined as shown 
below: 
( ) ( )πθθθ 222cos2 mWkn scf =−−        [13] 
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Since the total phase change must be a multiple of 2π, only distinct, discrete angles will 
satisfy Equation 13.  These allowed angles make up the set of guided modes which are 
supported by the waveguide. 
 The angle of incidence, θ, is an important factor in meeting the conditions for 
total internal reflection.  A simple waveguide interface can be seen in Figure 15.  Light 
incident on the interface can either be refracted or it can be reflected.  At every interface, 
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there exists a minimum angle at which all light is reflected and total internal reflection 
occurs.  In order to achieve TIR, the incidence angle must exceed this minimum value, θc, 
known as the critical angle.  The critical angle is given by the following equation 
1
2sin
n
n
c =θ           [16] 
 
Figure 15 Simple waveguide interface. 
 
Figure 16 illustrates three different situations that can occur depending on the 
value of the incidence angle.  In scenario a, the incidence angle is less than the critical 
angle at the waveguide, cover layer interface.  There is partial reflection and partial 
refraction of the incident light.  The refracted light escapes from the waveguide and is 
called a radiation mode.  In scenario b, the incident angle exceeds the critical angle at the 
waveguide and cover layer interface, but is less than the critical angle at the waveguide-
substrate interface.  In this situation, again the light is partially reflected and partially 
refracted.  The light that escapes into the substrate is known as a substrate mode.  In 
scenario c, the incidence angle is greater than the critical angles at the cover-waveguide 
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interface and at the substrate –waveguide interface.  In this situation, all of the light is 
reflected at the boundaries and total internal reflection occurs. 
 
Figure 16 Examples of various radiation modes in a waveguide. (a) Radiation mode. (b) Substrate 
mode. (c) Guided mode. 
 
2.2.2 Waveguides Integrated on CMOS 
 The growing feasibility of optical interconnects has generated a great deal of 
interest in optical components on Si CMOS.  To maintain the growth rate dictated by 
Moore’s law, circuit designs must become smaller and more tightly confined.  At these 
scales, problems such as cross-talk, skew, power requirements, and dissipation become 
dominant. [33]  Optical links offer high packing density, low power dissipation, wide 
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bandwidth, and low latency. [34, 35]  The greatest challenge to this endeavor is 
developing a structure that is compatible with the CMOS circuits. [36, 37]  Any 
component integrated onto a CMOS circuit must have no process step that will damage 
the circuit.  To this end, two distinct methods have been developed.  The first method 
involves monolithically integrating passives during the CMOS process itself.  This 
approach has the advantage of being extremely compatible since the fabrication can be 
done during the CMOS fabrication.  Unfortunately, the optical components must be 
constructed out of materials available in standard CMOS processing.  This limits the 
choices available during design and the achievable performance of the optical links.  
Alternatively, it is also possible to integrate waveguides following the CMOS process.  
This technique enables optimization of all materials and high performance due to the 
individual optimization of the system components.  Unfortunately, it also requires post-
processing of the CMOS circuits and has to be designed carefully to be compatible with 
the circuit technology. 
 
Figure 17 Schematic drawing of an interferometric pressure sensor. [38] 
 
 CMOS ready waveguide structures constructed with “CMOS process compatible” 
materials have been demonstrated by a large number of research groups.  Several of those 
results will be reviewed here.  An opto-mechanical pressure sensor base on a Mach-
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Zehnder interferometer (MZI) has been demonstrated. [38]  The sensor consists of a two 
channel MZI.  One channel was treated as a reference arm, while the other channel was 
integrated with three diaphragms.  Deflections in the diaphragms caused changes in the 
propagation constants in that channel of the interferometer.  These changes were detected 
at the end of the interferometer using a photodiode.  Pressure readings can be made from 
these outputs.  A schematic drawing can be seen in Figure 17.  Several different 
waveguide material systems were examined for this work.  Silicon nitride, silicon carbide 
and silicon oxynitride (SiON) were used to construct waveguide.  Each material is readily 
available during the CMOS process.  Depending on the needs of the desired sensor 
(operating wavelength, flexibility, fabrication restraints), each material system was  
suitable for some version of the sensor.   
Another demonstration of this monolithic integration scheme was reported by 
Hilleringmann et al. [39]  This work examines suitable technologies for a monolithic 
design of optical interconnects on silicon and discusses design considerations that must 
be made for the most reliable system.  The authors considered Si3N4, phosphosilicate 
glass (PSG), and SiON as viable waveguide core layers.  Silicon oxynitride was selected 
as the most suitable core because its index of refraction may be adjusted by changing the 
gas mixture during its deposition.  Several integration arrangements, seen in Figure 18, 
were examined to determine the best coupling scheme between the waveguides and the 
detectors.  Scenario (c), using turning mirrors to couple light into the detector, was 
chosen as the best option.  This scenario was better suited than the others because of the 
high coupling efficiency demonstrated by the arrangement, the CMOS compatible 
process used to fabricate the required structures, and the mirrors easily reproducibility 
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and fabrication using standard dry etching techniques.  To verify these conclusions, the 
authors integrated a SiON waveguide on a silicon substrate with a photodetector and a 
transimpedence amplifier.  The waveguide had a measured 0.5 dB/cm propagation loss.  
The efficiency of the coupling between the waveguide and the detector was shown to be 
strongly coupled to the mirror etch depth.  The further the mirror extended into the 
guiding region, the larger the amount of light coupled into the detector.  As long as the 
system was fabricated modularly, there was no recorded degradation in the CMOS 
component performance.  When then the entire system was fabricated at the same time, 
there was significant variation in CMOS performance.  Further studies would be 
necessary to make the process fully monolithic.   
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 Figure 18 Three coupling schemes for waveguides integrated monolithically on Si CMOS. (a) Butt 
coupling. (b) Evanescent coupling. (c) Coupling using mirrors. [39] 
 
 Post-processing CMOS circuits to integrate optical links has also been studied.  
Most efforts in this area are focused on the integration of polymer waveguides on CMOS 
circuitry. [40, 41]  One of the early reported CMOS circuits integrated with waveguides 
was fabricated by the Integrated Optoelectronics Group at Georgia Tech.  Polymer 
waveguides consisting of a benzocyclobutene (BCB) cladding/planarization layer and a 
polyetherimide (ULTEM) core were integrated on Si CMOS photodetector arrays.  
Planarization of the BCB was improved through multiple spin coatings and repeated 
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etches in an inductively coupled plasma etcher.  Two different CMOS circuits were 
integrated.  One circuit consisted of Si detector arrays of various sizes, while the other 
circuit consisted of Si detectors connected to sigma-delta analog to digital converters 
(ADCs).  These two circuits were test circuits for the integrated sensor implementation.  
The sigma-delta circuit is shown in Figure 19, integrated with polymer waveguides.  
Light from a HeNe laser was propagated through the waveguides integrated on both 
circuits.  The results from these tests can be seen in Figure 20 and Figure 21.  The 
detector current at various optical outputs launched into the detector array circuit can be 
seen in Figure 20. [41]  The dark current of the detector array is also included for 
reference.  The output generated by the sigma-delta circuit is shown in Figure 21. [41]  
The output of the sigma delta ADCs is a discrete multi-bit value which corresponds to the 
analog photocurrent generated by the embedded detectors.  The circuits showed an 
increase in the mean of the bit stream samples with increasing power, which was the 
expected result. 
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 Figure 19 Sigma-delta ADC circuit integrated with a BCB\ULTEM channel waveguide. 
 
 
Figure 20 Measured photocurrent from the detector array circuit at various optical input powers. A 
HeNe laser was used. [41] 
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 Figure 21 Plot of the output of the sigma-delta ADC circuit. [41] 
 
2.2.3 Embedded optics in waveguides 
 The growing interest in optical interconnects has created a need to understand the 
relationship between waveguides and active devices integrated with or embedded within 
the waveguides.  The selection of the optical emitter type will dictate the required optics 
for coupling into the waveguide.  Edge emitting devices such as edge emitting lasers do 
not require turning elements as they can launch light directly into a waveguide.  Coupling 
is achieved through butt coupling, free space coupling, or embedding the device directly 
in the waveguide.  Implementations using sources such as vertical cavity surface-emitting 
lasers (VCSELs) require the addition of a beam-turning element, such as a turning mirror, 
to couple light into the waveguide. [40, 42, 43]  For embedded sources, it is also 
necessary to consider the fact that physically placing a device into a waveguide will 
affect the physical characteristics of the device.  The reflectivity of the mirrors can be 
affected by the embedding process, and the index of refraction difference between the 
waveguide material and air must also be considered.  Surface-emitting sources have been 
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the popular choice for integrated emitters because of their low power consumption, high-
speed operation, and small beam divergence. [43, 44]  Recent efforts have begun to 
examine the feasibility of integrating edge emitting sources. [45-49] 
 Integrated detector research generally has concentrated on the coupling efficiency 
between the detector and the waveguide.  For most optical links, the power budget for the 
system is small and the efficiency of the coupling between the waveguide and the 
detector can be the deciding factor between a successful link and a failure.  The primary 
mode of coupling employed in most links is evanescent coupling.  Ease of fabrication 
makes this method the most popular choice, but it suffers from one major shortcoming.  
A long coupling length is required because of the low coupling efficiency vertically 
between the detector and the waveguide. [50]  This long coupling length requires larger 
detectors, which becomes restrictive in high-speed applications because of an increase in 
detector capacitance with increasing detector size.  This fact has led to an increasing use 
of MSM photodetectors since they have a smaller capacitance than standard PiN 
detectors of the same size. [51]  Work has also been done to investigate the use direct 
coupling in optical links. [52-55]  Efforts have also been made to increase the coupling 
efficiency by using turning optics and butt coupling into the detector.  These changes 
enable the use of more standard detector technology by reducing the detector size 
requirements.  Increased efficiency also reduces the necessary power budget for the link. 
 Several research groups have reported VCSELs embedded in waveguides for use 
in optical links. [42-44]  Mederer et al. have reported an optical link capable of speed of 
3 Gb using an integrated VCSEL in polycarbonate polymer waveguides. [44]  An 850 nm 
VCSEL was used as the optical source.  The active diameter of the VCSEL was 8 µm.  It 
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had a threshold current of 0.8 mA and a maximum output power of 8.2 mW at 12 mA.  
Two different waveguide structures were used in the experiment.  One waveguide was a 
standard channel waveguide, while waveguides with a trapezoidal cross-section were also 
used.  The different cross sections were used to examine the impact of waveguide shape 
on the experiment.  The maximum loss of the polymer waveguides was measured as 1.7 
and 0.5 dB/cm, respectively, for the two waveguides tested.  Free space optics were used 
to launch the VCSEL output into the waveguide.  A BER of 10-11 was achieved for a 3 
GB/s PRBS NRZ signal with a 231-1 word length. 
 Several groups have reported varying schemes for fabricating optical links using 
embedded photodetectors. [42, 45, 52-54]  One such scheme has been reported by Liu et 
al.. [35]  They reported GaAs MSM photodetectors integrated with polymer waveguides.  
Coupling was achieved through the use of 45° total internal reflection (TIR) micromirror 
couplers.  The polymer waveguides were fabricated from polyimide spin-coated onto the 
MSMs.  This material was chosen for its high optical transparency, high thermal stability, 
and ease of fabrication.  The polyimide used was photosensitive so the waveguides could 
be formed using standard photolithographic techniques.  The waveguides fabricated were 
50 µm in width and approximately 12-13 µm in height.  Two different varieties of the 
polyimide were used as a core and cladding layer and they had indexes of refraction of 
1.56 and 1.54 at 850 nm.  These indexes could be slightly tailored through variations in 
the process conditions.  The fabricated channel waveguides had a loss of 0.21 dB/cm at 
850 nm and 0.58 dB/cm at 632.8 nm.  The TIR micromirrors were formed by placing the 
waveguides in an RIE at a 45° angle.  An Al mask was used to protect the rest of the 
waveguides and the mirrors were etched out over the MSM locations.  Figure 22 shows 
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the waveguide channels with etched TIR micromirrors.  After polishing the endface of 
the channel waveguides, a single mode fiber was used to butt couple light into the 
waveguides.  The generated photocurrent was monitored and the system was determined 
to have a 3 dB bandwidth at 2.648 GHz. 
 
Figure 22 SEM microphotograph of a polymer channel waveguide array with embedded 45° TIR 
micromirror couplers. [35] 
 
2.3 Summary and Discussion 
 This chapter reviewed the relevant technology needed in order to complete the 
work detailed in this dissertation.  The first section of this chapter investigated 
semiconductor lasers.  In particular, gain-guided lasers were presented.  Following a brief 
discussion of basic semiconductor laser operation, the gain mechanism and the threshold 
conditions of gain-guided lasers were investigated.  A review of thin-film lasers was then 
presented.  Several authors have demonstrated the feasibility of this technology in the 
optoelectronics field. 
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 The second section of this chapter dealt with the waveguide technology necessary 
for the work presented in this dissertation.  First, a review basic waveguide theory was 
presented.  The next two subsections reviewed relevant research to this work.  A review 
of waveguides used in conjunction with CMOS circuitry was presented.  Following this, 
a subsection reviewing integrated and embedded active photonic devices in waveguides 
was included.  Included in these results were reports of both detectors and lasers 
embedded in waveguides in order to created an integrated optical system. 
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Chapter 3 
Biological\Chemical Sensor Background 
 
 
 
3.1 Interferometric Sensors 
 Interferometric structures used as chemical and/or biological sensors have been 
researched by several different groups. [56-61]  Interferometers are used to interfere two 
or more light sources.  When source interfere with each other, the maximum intensity of 
the resultant light may exceed the sum of the intensities of the light sources or be less 
than the sum of the intensities of the light sources.  When the resultant intensity is greater 
than the sum of the intensities, it is known as constructive interference.  When the 
resultant intensity is less than the sum of intensities, it is known as destructive 
interference.  For interference to occur between the light sources, three conditions have to 
be met. [31]  The light sources have to have the same polarization.  The light sources 
have to oscillate at the same frequency.  There must also exist a constant phase 
relationship between the light sources.  At any point along the interference region, the 
phase difference between the light sources must remain constant.  Light sources meeting 
these conditions are known as coherent light sources.  Optical sensors of this nature offer 
several benefits over similar electrical sensors.  Optical sensors offer higher sensitivity 
than electrical sensors. [59]  They are also immune to electromagnetic interference.  The 
passive nature of these sensors also makes them desirable when dealing with explosive or 
combustible materials. [59] 
 A popular interferometer is the Mach-Zehnder interferometer (MZI).  The MZI is 
an amplitude splitting interferometer. A single light source is split by a beam splitter into 
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two or more beams.  The sum of the light intensities out of the beam splitter will equal 
the light intensity of the original light source.  The light beams continue along their path 
or arm until they are recombined and collected.  Since the paths the light travels are 
independent of each other, variation in one path will create a phase difference between 
the beams of light.  Since this phase difference is directly related to the variations in the 
paths, it has the potential to be used in various sensor systems. 
 An interferometric sensor operates by detecting changes in the index of refraction 
in one arm or path of the interferometric sensor.  The index of refraction change is 
induced by a sensing layer which interacts with the light in the sensing arm causing a 
phase change in the light.  The index of refraction change is directly related to the phase 
change between the arms, so monitoring the phase change is an important aspect of the 
sensor operation.  In its simplest implementation, there are two arms in the 
interferometric sensor. One arm is the sensing arm and the other arm is the reference arm. 
The arms of the sensor should be generally identical.  In a balanced implantation, a 
sensing layer is applied to both arms of the interferometer.  This is done to isolate the 
actual phase change in the sensing arm.  Since both arms experience the sense layer, any 
phase change between the two arms is due to changes in the sensing layer such as index 
of refraction.  In this arrangement, it simple to extract out the sensor information, the 
index of refraction, as any change detected is directly attributable to changes in the 
sensing layer.  The only difference between the two arms is that a silicon dioxide 
cladding layer is applied to the reference arm to isolate it from the environment.  This 
arrangement can be seen in Figure 23. In an unbalanced system, the two arms do not 
experience identical paths. This can be seen in Figure 24.  In this implementation, there is 
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a phase difference between the two arms that is not due to an index change in the sensing 
layer.  The sensing arm is impacted by the sensing layer in Figure 24, but the reference 
arm is not due to the silicon dioxide cladding.  In this arrangement care must be taken to 
account for the phase difference between the two arms due to this unbalanced structure.  
Prior to sensor operations, the sensor must be calibrated so the phase change caused by 
this design can be subtracted out of the final signal in order to isolate the phase change 
due to the index change in the sensing layer.  The unbalanced approach involves more 
data processing than the unbalanced approach, but both are still valid techniques. 
 
 
Figure 23 Cross-section of balanced interferometric sensor. 
 
 
Figure 24 Cross-section of an unbalanced interferometric sensor. 
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 The chemically selective film used to coat the sensing region is key to this 
detection.  Optical signals transmitted down the waveguide have an evanescent field that 
penetrates the region above the waveguide, the chemically selective region.  This effect is 
illustrated in Figure 25 [62].  The extension of this field into the sensing region allows the 
optical pulse to be sensitive to any change in the refractive index of the chemically 
selective film.  Changes in the index of refraction (n) in this film alter the phase of the 
propagating wave.  Antibody/antigen reactions, chemical reactions, or polymeric 
swelling, depending on the material used for the film, can change the index of the film.  
These reactions would occur when the agent that the sensor is designed to detect comes 
into contact with the chemically active region.  These phase changes can be detected by 
interfering the phase-shifted pulse in the sensing arm with the unperturbed pulse in the 
reference arm. 
  
Figure 25 Cross-sectional view of light propagating down the sensing arm of an interferometric 
sensor. [62] 
Using Equations 13-15 and 17, it is possible to calculate the phase shift of the 
sensor.  I1 and I2 are the intensities of the light in the two arms, while I is the intensity of 
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the interferometer output.  Using those three values which can be experimentally 
calculated, the phase shift, δ, can be calculated from Equation 17. [31]  This value can be 
substitute into Equation 13 as δ = knfWcosθ.  Substituting Equations 14 and 15 into 
Equation 13, nc, the cover index or the sensing layer index, can be calculated.  If the 
index of refraction of the sensing layer is known before the test is done, it is possible to 
calculate the change in refractive index of the sensing layer, Neff.  This change in 
refractive index can also be seen in the equation governing the interferometer output 
represented in Equation 18 [32] 
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The change in refractive index can then be used to sense and identify contaminants in the 
environment.  For this research, sensor development was based on the work done by Nile 
Hartman.  A detailed discussion of the Hartman sensor is given in the next section. 
3.2 Hartman Sensor 
The design of the Hartman biosensor can be seen in Figure 26 [62].  The key components 
in this design include an IO interferometer chip, a diode laser, and a photodiode detector.  
Another important component that is excluded from this figure is the signal processing 
electronics that would be needed to process the biosensor’s collected data.  The grating 
couplers are used to couple the diode laser output into the waveguide and out of the 
waveguide into the photodiode.  The gratings also serve the purpose of easing alignment.  
Using gratings, little alignment is actually needed.  As long as the gratings are in the light 
path, they will turn the beam into the waveguide or into the detector.  Traditional 
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coupling methods such as butt coupling and prism coupling are highly sensitive to XYZ 
alignment.  The gratings are relatively insensitive to XYZ positioning and only require a 
rough angular alignment. [62]  This feature lowers packaging cost and makes it easier to 
replace these chips in the field. 
 
Figure 26 Cross-sectional view of the Hartman biosensor package. [62] 
 
 
Figure 27 Single-channel IO interferometer configuration.[62] 
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A single interferometer channel is seen in Figure 27 [62].  The main parts of this 
design include the grating couplers, the waveguide film, and the beam 
combining/splitting elements.  An optical signal is coupled into the structure using the 
grating couplers.  The optical signal travels down the sensing and reference arms that are 
defined on the waveguide surface.  Interference is generated at the beam 
combining/splitting elements by dividing and mixing the signal in the two arms.  This 
interference is used to calculate the change in the refractive index in the waveguide. 
The biosensor is fabricated using simple processing techniques.  The grating 
couplers are first produced by etching a 0.7 µm period grating into an optically 
transparent substrate surface.  The gratings are patterned using precision lithography 
methods such as holography or e-beam lithography.  Once patterned, the gratings can be 
etched in a dry etching tool such as a RIE or an ICP, depending on the substrate material.  
The waveguiding film, such as Si3N4, is then deposited using plasma-enhanced chemical 
vapor deposition (PECVD).  This film typically measures 0.14 µm in thickness. [62]  The 
beam splitter/combiners are constructed from total internal reflecting (TIR) mirrors and a 
beam splitter.  The TIR mirrors are fabricated by dry etching a 40 µm trough completely 
through the waveguiding layer.  The beam splitter is formed by etching a 0.05 µm trough 
into the waveguiding layer.  The entire surface, excluding the sensing region, is then 
coated with silicon dioxide (SiO2).  This layer isolates the fabricated components from 
the environment to provide operational isolation.  The chemical sensing layer is then 
bound covalently or electrostatically to the sensing region.  A laser diode and photodiode 
are wire bonded into the system and aligned with the input and output grating couplers.  
The entire system is then packaged with the signal processing electronics.  An example of 
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this packaging is found in Figure 28.  The entire package measures 2.5 x 3.0 x 6.5 inches 
[32, 62-64]. 
 
 
 
Figure 28 Example of a packaged biosensor. [62] 
 
3.3 Summary and Conclusion 
 This chapter reviewed the relevant biological/chemical sensor technology used in 
this dissertation.  The first section detailed the general operating principles of 
interferometric sensors.  A basic framework for sensor operation was presented.  A very 
specific sensor was used for the basis of the research presented in this dissertation.  This 
implementation is known as the Hartman sensor.  The Hartman sensor design is 
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presented.  A discussion of the fabrication methodology and the packaging of the 
completed sensor unit is also detailed. 
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Chapter 4 
Integrated Sensor Circuit Fabrication and Results 
 
 
 
 A modular approach has been taken toward the work in this thesis.  The project 
has been broken down into four areas.  The first component involves the development of 
the interferometric sensor.  The second component deals with the integration of the 
optical components with the Si CMOS circuitry.  The third area involves the development 
of the laser.  The final component of the work involves the theoretical modeling of the 
optical performance of the system.   
4.1 Interferometric Sensor Development 
 The first decision that had to be made regarding the interferometer development 
dealt with the material system that would be used to fabricate the structures.  Any 
material used would have to be low loss at the operating wavelength (850 nm), resistant 
to any chemical it would be exposed to, and compatible with standard silicon CMOS 
circuitry.  Silicon oxynitride and silicon dioxide both meet these requirements, while also 
being inexpensive and easy to fabricate using a PECVD.  Theses two materials were 
selected as the material system to be used for all interferometers in this research.  Silicon 
oxynitride was used as the core material of the interferometers and silicon dioxide was 
used as the cladding layers.  These types of single-mode sensors interferometric sensors 
have been widely reported in the literature. [65-68] 
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 Figure 29 Photomicrograph of the waveguide used to determine the waveguide loss using the 
scanning fiber method. 
 
The waveguide materials were then characterized using the optical fiber scanning 
method.  In this method an optical beam at 850 nm is endface coupled into the end of a 
SiOxNy/SiO2 waveguide.  The waveguide fabricated for these tests can be seen in Figure 
29.  These waveguide structures consisted of a silicon dioxide (n = 1.465) cladding layer 
varying in thickness from 1-3 µm and a silicon oxynitride (n = 1.922) core layer 1 µm in 
thickness.  The waveguide was fabricated on a silicon substrate.  Coupling alignment was 
facilitated by the use of an infrared camera.  Once the fiber was coupled to the 
waveguide, the top surface of the waveguide was scanned at different points along the 
waveguide in order to determine the loss associated with the waveguide materials.  A 
large core optical fiber was used to perform the surface scan.  The large core fiber was 
used in order to ensure all the light radiating out of the top of the waveguide was 
collected. This multimode fiber had a core diameter of 600 µm and a numerical aperture 
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of 0.37.  This fiber was used to collect the scattered light from the surface of the 
waveguide and this light was measured using a calibrated indium gallium arsenide 
photodetector connected to a Newport 1835 optical power meter.  The separation 
between the waveguide and the fiber was optimized to maximize the light collected by 
the fiber.  While maintaining a uniform separation between the scanning fiber and the 
waveguide surface (+/- 1 mm), 300 scanning points were measured perpendicular to the 
waveguide at intervals of 10 µm.  This data set constituted one scan line during the test.  
Three hundred total scan lines were performed on the waveguide,  at increments of 10 
µm along the direction of the waveguide.  Precise movements of the fiber were achieved 
using a Coherent motorized micro-positioner.  In order to compensate for losses due to 
the horizontal alignment during the scan, the measured optical power was averaged using 
the multiple scan lines.  This averaged data was then used to calculate the propagation 
loss of the waveguide by calculating the slope of the linear least square regression of the 
averaged collected optical power from the waveguide before the detector.  Two of the 
plots generated for this thesis can be seen in Figure 30.  From these figures, it was 
calculated that the SiOxNy/SiO2 waveguide had a loss of 0.76 dB/cm when the oxide 
cladding layer was 1 µm thick and 0.4 db/cm when the oxide cladding layer was 2.0 µm 
thick.  The difference between these two values can be attributed to the underlying silicon 
substrate and its absorption at 850 nm.  These values are comparable to reported 
propagation loss measurements found in the literature. [69, 70]
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(a) 
 
 
(b) 
Figure 30 Plot of waveguide loss for two different waveguides. (a) Waveguide with a 1 µm bottom 
cladding. (b) Waveguide with a 2 µm bottom cladding 
 
 Channel waveguides were fabricated prior to interferometer fabrication.  The 
fabrication process began with the deposition of the waveguiding layers on silicon 
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substrates.  Plasma-enhanced chemical vapor deposition was used to first deposit a 1 µm 
layer of SiO2.  This cladding layer was followed by a layer of SiOxNy.  The thickness of 
the nitride was varied from 0.2 – 1.0 µm.  A final 1 µm thick layer of SiO2 was deposited 
as an upper cladding layer.  This final cladding layer also served as an isolation layer for 
the sensing arm on the interferometers.  Following the material deposition, standard 
photolithography techniques were used to pattern a thick photoresist mask defining the 
multimode channel waveguides on the silicon substrate.  Channel widths used were 50, 
100 and 250 microns.  A PlasmaTherm ICP etcher was used to define the waveguide 
structures.  The etch gas used in this step was 30 standard cubic centimeter (sccm) CF4, 
which is a common gas used to etch silicon dioxide and silicon oxynitride.  The 
fabrication of the channel waveguides was completed upon the removal of the photoresist 
mask using acetone.  Photoresist stripper was sometimes also used if the photoresist 
became hardened by the plasma etching process. 
Two wavelengths of light were used to test the interferometers.  The ends of the 
channels were cleaved to provide a clean endface for coupling.  Light was coupled into 
the waveguides using a λ=632 nm semiconductor laser or a λ=840 nm semiconductor 
laser.  Both of these lasers were fiber coupled into a single mode fiber (core = 5.5 µm, 
numerical aperture = 0.12) tapered at its output.  A tapered fiber was used to improve the 
coupling between the fiber and the interferometers.  The tapered output was coupled into 
the waveguide.  The resulting modal pattern out of the interferometer end facet was 
imaged using a CCD camera and can be seen in Figure 31.  The modal pattern observed 
was single mode in the vertical direction and multimode in the horizontal direction.  This 
arrangement was selected specifically for this application.  The multimode nature of the 
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waveguide facilitates coupling between the laser and the waveguide and increases the 
sensing area of the sensor. [71]  The downside of the multimode waveguide was that the 
data analysis of the complex modal structure was challenging and required increasing 
processing power for increasing modal complexity.  By designing the waveguide to be 
single mode in the vertical and multimode in the horizontal, it was possible to optimize 
the waveguide sensor for sensor area and coupling efficiency, without the need for a 
tremendous amount of data processing circuitry.  After successful fabrication and 
coupling in channel waveguides, interferometer fabrication began. 
 
 
 
T
waveguid
bare silic
in the i
photoresi
 Figure 31 Modal pattern capture from the endface of a 50 µm wide, 1.1 µm thick
channel waveguide.  The guide was illuminated with an 840 nm fiber-coupled he fabrication of the interferometer was similar to that of the channel 
es.  A PECVD was used to deposit SiO2/Si3N4/SiO2 waveguiding layers on a 
on substrate.  The same thicknesses used in the channel waveguides were used 
nterferometer structure.  Standard photolithography was used to define a 
st mask of the interferometers.  The interferometers were defined by etching in 
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an ICP etcher using CF4 plasma.  Residual photoresist from the mask was removed using 
acetone or photoresist stripper.  At this point in the fabrication it was necessary to define 
the sense arm on the interferometer.  A thick photoresist mask was patterned over the 
interferometers.  The mask opened a window over one arm of each interferometer.  The 
silicon dioxide cladding over that arm was etched using the CF4 recipe in the ICP etcher.  
The etch rate of silicon dioxide in the ICP was well known, so the proper etch depth was 
achieved through precise timing.  The photoresist was removed again by using acetone or 
photoresist stripper.  The final Mach-Zehnder interferometer structures were 4500µm 
long and have 100µm wide waveguides.  The interferometer arms were 2000 µm in 
length. Approximately 300 modes were supported in the horizontal direction in the 
waveguide with this configuration. [71]  The interferometer was then ready for 
application of a sense agent or testing.   
 
Figure 32 Test setup for interferometric sensors. 
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Two approaches were taken when applying the sense agent.  The agent was either 
spin coated over the entire substrate or a photodefinable polymer was used.  In the case of 
the photodefinable polymer, the agent was patterned and only left on the sense arm.  
Ideally, the sense agent should be under the upper cladding layer to balance the sense arm 
more closely with the reference arm of the interferometer.  For the preliminary test, this 
balancing was sacrificed for the fabrication simplicity of applying the sense layer last.  
Once any and all sense layers were applied to the interferometer, the structures were 
ready for testing. 
Two different sense agents were used during the work in this thesis. Those two 
materials were Teflon AF and bis-trifluoromethyl carbinol-substituted polynorbornene 
(HFAPNB).  Teflon AF proved difficult to work with as nothing would adhere to the 
cured film. This caused patterning to be impossible and a suitable method was not found 
for dispensing the polymer in one location.  HFAPNB was the polymer primarily used in 
this work.  It was a photosensitive polymer that could be applied and patterned using 
basic photolithography techniques.  Three different types of materials were detected 
during this research. They included water, benzene, and alcohol. HFAPNB absorbed all 
of these materials.  The absorption of these materials caused an index change to occur 
within the film.  The index change was then used to determine the concentration of the 
material being detected. 
A diagram of the test setup for all tests on the interferometers can be seen in 
Figure 32.  The laser source used for these experiments was a Spectra Physics Stabilite 
Model 120s HeNe laser.  The output of this laser was 15 mW.  This laser output was free-
space coupled into the interferometric sensors using a Mitutoyo M Plan Apo 10x 
 59
objective lens.  The output modal pattern of the sensor was imaged on a Hitachi CCD 
camera using a Mitutoyo M Plan Apo 20x objective lens.  Neutral density filters were 
used to control the intensity level of the light incident on the camera.  An anodized 
aluminum collar was also mounted on the camera to reduce its field of view in order to 
improve the camera’s sensitivity to changes within the modal pattern.  This was achieved 
by limiting the external stimulus to the camera, ensuring that any change at a pixel is due 
to a change in the signal.  The camera had a frame rate of 10 frames per second and 768 x 
494 effective pixels.  The pixel pitch was 8.4 x 9.8 µm.  The output of the camera was 
monitored using a LabView program on a computer in the lab.  The data it collected was 
processed by assigning a numeric value to each pixel as a function of intensity and 
displayed in order to enable real-time monitoring. 
The interferometers were mounted in a hermetic test cell designed for these 
experiments.  The cell was constructed of anodized aluminum.  Quartz windows were 
mounted on opposite sides of the cell for coupling into and out of the test cell.  Two ports 
were also designed into the test cell to allow for input and output of a gas stream.   
A gas delivery and monitoring system was also included with the optical 
components of the setup.  The carrier gas of the system was nitrogen.  Nitrogen gas flow 
was controlled by two flow meters.  The two gas streams output by the flow meters were 
mixed and then delivered to the test cell.  One of the streams feeding into the mixer could 
be diverted from its path to a line containing a bubbler.  The bubbler line could then be 
used when a chemical was needed to be delivered to the test cell for detection by flowing 
the nitrogen gas through the analyte.  Once a gas was delivered to the test cell, it exited 
the cell out of the output port.  This exiting stream was fed into a quartz crystal 
 60
microbalance (QCM).  In a QCM, the frequency of a quartz crystal is monitored.  Any 
change to the surface of the crystal is reflected in a change in the frequency of the crystal.  
For each test, a crystal was coated with the sensing layer that was being evaluated.  As 
the sensing layer absorbed the chemical being detected, a change in the frequency of the 
crystal was detected.  This data could then be used to determine the amount of the 
chemical that reacts with the sensing layer in the experiments.  An Inficon deposition 
monitor was used to monitor the QCM frequency data and it was then collected by a 
computer in the lab.  Gas exiting the QCM was passed to a cold trap, where the chemical 
was removed from the nitrogen stream.  The cleaned nitrogen stream was then vented 
into the building exhaust. 
Figure 33 shows two modal patterns collected over time of an interferometer 
coated with HFAPNB as the sense agent.  The changes in modal patterns track associated 
changes in the sensing layer on the sensing arm of the interferometer.  The changes are 
due to changing humidity in the test cell.  The change in humidity was caused by 
Figure 33 Interferometric sensor modal patterns. 
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introducing water vapor to the test cell using the bubbler. The modal pattern at 125s 
represents the interferometric output of the sensor with no water vapor present. The 
modal pattern at 325s shows the output after water vapor was introduced to the cell.  A 
clear change in the modal pattern was seen in these two images. 
There are several sources of noise in the patterns.  Noise in the system came 
primarily from source fluctuations, shot noise, read noise, and dark current noise. [71]  
The source noise is a result of instabilities in the laser that cause drift.  This noise can be 
corrected by using a feedback stabilized laser.  Photogenerated electrons are collected in 
a capacitive structure called a well in CMOS detectors.  Shot noise variance is directly 
related to the random arrival time of photon and scale directly with the mean number of 
photoelectrons in the well.  Shot noise variance is much larger under high intensity due to 
the fact that the number of photogenerated electrons is proportional to the optical power. 
Shot noise becomes the dominant noise source under high intensities for the system.  
Read noise, also called the noise floor, is the fundamental noise of the electrical 
components in the system.  It can be reduced by introducing a larger well in the CMOS 
detector. Dark current is the fundamental noise floor from the detector itself.  As stated 
before, under sufficiently high intensities, shot noise dominate the noise figure. Under 
lower intensities, dark current and read noise play a much more important part.  
The index sensitivity of the interferometric sensor was also determined. [71]  This 
was accomplished by tracking the aggregated normalized power of the pixels as there 
was an index change in the sensing layer.  The index of refraction was measured using a 
high speed, spectroscopic ellipsometer.  Four agents where characterized in this way: 
methanol, water, benzene, and isopropanol.  The smallest change that could be made, 
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resulting in a measurable index change was ~450 parts per billion vapor (ppbv) for 
methanol, 15 ppbv for isopropanol, 30 ppbv for benzene, and 150 ppbv for water. [71]  
These sensitivities were ultimately limited by the coupling fluctuations in the external 
coupling of the source laser.  The proposed integrated sensor solution would improve on 
these sensitivities. 
An optimized integrated sensor system would allow for improved index 
sensitivity.  First the estimated noise in the system was lowered in the fully integrated 
system versus the system that was used to make the previously reported measurements.  
This can be seen in Figure 34.  [71]  The measured sensor data was limited by noise 
generated by source fluctuations.  The fully integrated sensor would be limited by shot 
noise, read noise, and dark current noise.  The estimated sensor showed a 4 to 6 times 
reduction in noise.  The pixel size of the integrated sensor would also reduce the index 
sensitivity.  A reasonable CMOS pixel pitch was 2.8 µm.  Compared to the CCD camera 
array, this pixel size reduced the index sensitivity by a factor of two.  Also, optimizing 
the waveguide core thickness improved the index sensitivity.  The majority of tested 
interferometric sensors had a core thickness of 0.2 µm. The optimal core thickness was 
determined to be 0.13 µm.  At this thickness, the evanescent field in the sensing layer was 
maximized.  By changing the core thickness, the index sensitivity was improved by 20%. 
[71]  Taking these factors into account, the index sensitivity of the fully integrated sensor 
was estimated to be 170, 6, 12, 57 ppbv for methanol, isopropanol, benzene, and water, 
respectively. [71]  A significant improvement over the measured system data was shown. 
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 Figure 34 Plot of the standard deviation versus intensity of the actual measured sensor system and 
the estimated fully integrated sensor. [71] 
 
Further test were performed in order to demonstrate sensor operation on-wafer. 
[71]  Figure 35 shows pixel data captured from the interferometric sensor using the CCD 
camera setup described earlier.  A representative multimode pattern and its corresponding 
one-dimensional intensity profile are presented in Figure 35a and 35b, respectively.  
Figure 35c shows the difference between intensity patterns for 0 ppbv and 37 ppbv.  
Figure 35d shows the intensity change seen over time for a CCD pixel with no 
concentration change, which represents the noise of the system.  The noise of the system 
compared to the signal generated by the system differed by several orders of magnitude.  
The large difference achieved with only a 37 ppmv change in concentration indicated that 
a highly sensitive sensor system was possible.  In order to quantify these results into a 
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useful metric, a figure of merit was chosen which would collect the pixel data into a 
reliable measurement of agent concentration.  The figure of merit used in this work was 
the root-mean-square signal-to-noise ratio for all of the pixels of the CCD array.  The 
root-mean-square SNR is given by [71] 
2
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where (∆P)2(t,j) is the square of the pixel power change, t is the time, j is the pixel 
number, and  is the variance of the jth pixel.  Figure 36 illustrated the calibrated of the 
response of the interferometric sensor using this figure of merit.  The values listed at each 
plateau represent the agent concentration level in ppbv.  Chemical vapor concentrations 
from 8 ppmv to 149 ppmv were used in this test.  Examining the data, it is noted that the 
sensor response is fairly inearly for values less than 80 ppmv.  The response of the 15 
ppmv plateau was approximately half of the 30 ppmv plateau.  Above 800 ppmv, the 
sensor appeared to have a slightly nonlinear response which was due to the cyclic 
response of the multimode pattern. [71]  The noise in the system was attributed to the 
MFCs used in the system.  From this plot, it is seen that a quantifiable concentration 
measure using interferometric sensors was developed. 
2
jσ
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 Figure 35 Representative multimode patterns from an interferometric sensor capture by a CCD 
camera. (a)  Typical CCD image. (b) Corresponding 1-D intensity profile. (c) Intensity difference 
profile between 0 and 37 ppbv methanol. (d) Pixel power diffence over time for no agent inserted into 
the system. [71] 
 
 
Figure 36 Aggregate responses of all pixels, as quantified by the root-mean-square signal-to-noise 
ratio of all the pixels (S). Agent concentration over time is indicated at the plot plateaus. [71] 
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4.2 Integration of Optical Components on Si CMOS 
 As mentioned previously, a fully integrated sensor solution would provide a superior 
performance over a non-integrated sensor.  Key to that integration was the CMOS circuitry that 
the interferometric sensor was integrated on. These CMOS circuits provided lateral pnp bipolar 
junction transistor (BJT) photodetector arrays and low noise analog front-ends for signal 
conditioning and photodetector support.  The CMOS output was handled by an array of parallel 
mixed-signal oversampled noise-shaping analog-to-digital converters (ADC). [72]   The BJT 
photodetector array had a detector pitch-to-pitch of 8 µm, an array width of 192 µm, and a well 
size of 8x 8 µm2.  The detectors had a measured responsivity of 0.12 A/W at λ=632.8 nm and a 
dark current less than 10 pA. [41]  The front-ends were used to stabilize voltage biasing using 
photocurrent feedback.  The ADCs were Delta-Sigma modulators.  These ADCs provided a 
multibit resolution, highly linear digital output of the photocurrent signal of the photodetectors. 
[72] 
A process for integrating the interferometric sensors on the Si CMOS circuits has 
been developed for this thesis.  The process began by spin coating Cyclotene 4022 
advanced electronic resin (photosensitive BCB) on Si CMOS circuits.  One of the key 
considerations in the selection of BCB was its relatively low cure tepurature, 240 °C.  At 
this temperature, there was little to no impact on the performance of the CMOS circuitry.  
This layer of BCB was used to protect the circuit pads and the electronics on the circuit 
during the subsequent processing steps.  The photosensitive BCB is patterned to protect 
these areas while removing it from the areas that will hold the interferometers.  The BCB 
was then cured using the profile detailed in Table 1.  Following the cure, a protective 
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Table 2 BCB cure cycle. 
Initial 1 0C/min to 50 0C 5 min 
Ramp 3 0C/min to 100 0C 15 min 
Ramp 3 0C/min to 150 0C 15 min 
Final Cure 2 0C/min to 240 0C 60 min 
 
layer of approximately 3 µm thick BCB remained over the pads and the electronics.  The 
waveguide layers were then deposited on the circuit using an STS PECVD.  A lower 
cladding layer of silicon dioxide with a thickness of 1 µm was deposited first.  The 
waveguiding core of silicon nitride was deposited next.  This layer varied in thickness 
depending on the design of the sensor, but typically a thickness of 0.5 µm was used.  A 
final layer of 1 µm thick silicon dioxide was deposited to complete the structure.  The 
interferometers were then defined by etching out on the surface of the circuit, following 
the patterning of photoresist on the surface of the waveguide layers.  A PlasmaTherm ICP 
was used to etch out these structures.  The etches performed in the ICP were all timed 
etches. The etch rates of the materials etched were well known and made this the easiest 
method for performing these etches.  Care was taken to etch completely through the 
waveguide layers since the electrical contact pads must be accessible upon completion of 
the integration.  The circuit was then patterned again using photoresist, and channels 
were etched into one of the arms of each interferometer using the ICP.  These channels 
defined one arm as a sensing arm.  This etch removed the silicon dioxide layer from the 
sense arm.  An oxygen plasma was then used to remove the BCB protective layer in a 
PlamaTherm RIE.  Finally, a sensing layer was selectively deposited using standard 
photolithography techniques.  The use of standard photolithography produced a well-
defined sensing layers that are easily integrated into the fabrication process.  A Si CMOS 
integrated circuit with integrated MZI sensors can be seen in Figure 37. 
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 Figure 37 Integrated Si CMOS circuit with integrated Mach-Zehnder interferometric sensors. 
 
 The CMOS circuits were tested electrically and optically prior to integration with the 
interferometric sensors.  Electrically, the sensitivity of the circuit was determined. Current biasing 
was provided by two Keithly 236 source and measurement units.  A Tektronix DG2020A pattern 
generator was used as the clock and a National Instruments PCI-DIO-32HS digital data 
acquisition unit was used as a data sink.  The electrical sensitivity of the circuit was found to be 
less than 10 pA.  This limit was not necessarily that of the circuit as the current source accuracy 
used in the measurement was less than 230 pA for the measurement range. [73]  The circuits were 
also tested optically. A lensed single mode fiber was used to couple 850 nm laser light into a 
photodetector in the detector array.  The laser power was calibrated using a Newport 1835-C 
optical power meter. The delta-sigma converter output from the detectors was then recorded and 
analyzed. The circuit was found to have an optical sensitivity less than 10 nW.  Assuming the 
circuits were linear, it was possible to extrapolate that the circuits ultimately could detect 100 pW 
optical power against the noise. [73] 
 69
 Results were not obtained from these integrated circuits.  The interferometric 
sensors on these circuits were coated with HFAPNB on their sensing arms.  The sensors 
were then used to simply measure the changing humidity in the test chamber.  No 
meaningful data was recorded. The failure of these tests was most likely due to a lack of 
coupling between the circuits and the interferometric sensor.  As stated earlier, the main 
coupling mechanism used in this research was evanescent coupling.  As designed, the 
field in the interferometric sensors extended approximately 1 µm outside of the 
waveguide core.  The CMOS detectors used in this work were located 2 µm below the 
surface of the circuit. Due to this discrepancy, there was no communication possible 
between the sensors and the circuit.  Though it is believed that the integration scheme 
illustrated in this thesis can successfully be used to integrate Si CMOS circuitry with 
interferometric sensors; it was not possible to show that the integration scheme worked. 
4.3 Thin-Film Laser Development 
 Thin-film lasers offered several advantages over on-wafer lasers during the course 
of this research.  First and foremost, thin-film lasers lend themselves to heterogeneous 
integration more readily than on-wafer lasers.  A heterogeneous approach allows for 
optimization of the optical components versus the non-optical components.  In this work, 
all of the processing circuitry was fabricated in silicon, the waveguides were constructed 
out of dielectrics, while the active laser components were fabricated in the GaAs/AlGaAs 
system.  On-wafer lasers also required wire bonds to be integrated into a heterogeneous 
system.  These wire bonds are subject to parasitics at high speeds which increase the 
power consumption of the entire system.  Thin-film lasers do no suffer from these same 
parasitic as they can be bonded directly to the substrate and powered without the use of 
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wire bonds.  Thin-film lasers also provided a higher ease of integration with a multi-
material system than the on-wafer lasers.  The size of the thin-film device was on the 
order of optical components used in the system and allowed for simple coupling methods 
to be used with the waveguides.  On-wafer lasers were much larger and required more 
components to couple light into a waveguide. 
The first step in thin-film laser development involved a review of current GaAs 
laser technology.  The purpose of this review was to find a suitable laser structure for this 
research.  The sensor required a coherent light source.  Speed requirements were in the 
MHz range in order to produce a sensor that would detect at a reasonable rate.  The 
power budget called for a 1-5 mW source. These power levels would be sufficient for 
powering the sensor and a average laser of these spec would have relatively low threshold 
currents and power consumption.  A structure that met all of these requirements was 
found [74] and this structure was adapted for thin-film integration.  Figure 38 details the 
final structure submitted for epitaxial growth.  These epitaxial layers were grown on a 
bulk n-type GaAs substrate.  The main difference between this design and the reference 
paper was the presence of a thin layer of AlAs.  This layer of AlAs was used as a 
sacrificial layer during substrate removal in the thin-film process.  Other than this subtle 
change, the two structures are identical. 
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 Figure 38 Layer structure of GaAs multiple quantum well laser grown by molecular beam epitaxy 
for use in thin-film laser development 
 
In preparation for thin-film development, on-wafer lasers were fabricated to 
verify the quality of the material and build a process that could be adapted for the thin-
film process.  Samples approximately 5 mm on a side were cleaved from the laser wafer.  
Negative photolithography was then performed to pattern the laser contacts.  The stripes 
measured 243 or 343 microns in width and are spaced 100 microns apart.  The electron 
beam evaporator was then used to deposit 250 Å of Ti and 2250 Å of gold as the 
contacts.  The Ti layer promotes adherence of the gold contact layer to the semiconductor 
material.  Metal liftoff was then performed by immersing the sample in acetone.  The 
samples were soaked overnight and the undeveloped photoresist was dissolved.  The 
metal in these areas lifts off of the sample, leaving TiAu only where the contacts are 
supposed to be.  BCB was then deposited on the sample following the application of a 
BCB adhesion promoter, AP3000.  Dow CYCLOTENE is the BCB that is used.  The 
BCB was spun on at 4000 rpm for 30 seconds.  This obtained a layer of BCB that was 
approximately 1.1 µm.  The BCB provided electrical isolation of the contact pads as well 
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as planarization of the surface of the semiconductor.  The BCB was then cured using the 
process detailed in Table 1.  The cure drove out any of the remaining solvent in the 
polymer and hardened the film so that it would be resistant to the subsequent processing 
steps.  Aluminum was then deposited on the sample using a thermal resistance 
evaporator.  This aluminum layer was used to protect the BCB in the subsequent etch 
steps.  Negative photolithography was performed to define a via to the contact pads 
beneath the BCB.  The via was 10 microns in width.  The via was etched out of the 
aluminum using PAN etch.  The via was then etched through the BCB using an SF6:O2 
(90:10) plasma in a PlasmaTherm reactive ion etcher (RIE).  Upon completion of the via 
etch, the stripe contact pad was patterned on the samples using negative 
photolithography.  This broad area contact made probing the laser stripe easier.  The 
ebeam evaporator was used to deposit Ti/Pt/Au (250Å/250Å/2500Å) on the laser sample.  
Metal liftoff was performed to finish the contact patterning.  The laser sample was then 
placed in a rapid thermal processing (RTP) system and a low temperature (30 minutes at 
210 °C) anneal was performed.  The purpose of this anneal was to improve the ohmic 
contacts formed between the metal and the material.  Improved ohmic contacts will result 
in better electrical conductivity and lower threshold currents.  After the anneal, the laser 
sample was cleaved into bars of approximately 300 microns in length.  A cross-section 
view of the on-wafer laser can be seen in Figure 39. 
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Figure 39 Cross section of a completed broad area laser. 
 
Each laser bar was then tested to verify its operation.  Each bar consisted of 4 or 5 lasers 
separated by 100 microns.  The non-metallized side of the bar was mounted on the edge 
of a copper block using indium solder.  Each laser was probed by contacting the common 
indium solder contact and the appropriate stripe contact.  An ILX Lightwave LDP-3811 
was used to drive the lasers. A 100 µs pulse was used with a 20% duty cycle.  Light was 
collected by a large-area silicon detector that was mounted as close as possible to the 
edge of the lasers.  The detector was connected to a Tektronix oscilloscope and the 
current output from the detector was monitored.  Using the responsivity of the detector, 
which had been measured prior to the experiment, it was possible to determine the output 
power of the laser.  A typical LI curve measured during these test can be seen in Figure 
40.  The threshold current is approximately 60 mA and the output power is well within 
the requirements of the sensor.  After successful fabrication of an on-wafer laser, thin-
film laser development began. 
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Figure 40 LI curve for an on wafer GaAs MQW laser. 
 A process for fabricating and integrating thin-film lasers has also been developed.  
The thin-film laser process begins by cleaving a sample of the semiconductor laser 
material from the wafer.  The sample is then mounted to a glass slide using Apiezon W 
black wax.  This is done to enable easier handling of the sample.  The sample is then 
cleaned using trichloroethylene (TCE), acetone, and methanol.  The solvent clean 
removes any organic films or residues that are on the wafer.  Next, a negative 
photolithographic process is performed to pattern contacts on the bare semiconductor.  
The contacts measure 300 microns in width and are spaced 100 microns apart.  Lengths 
of the contacts are determined by the spacing the wedges used to assist in laser cleaving.  
Each wedge was approximately 100 µm in length.  The mask set used has laser lengths of 
300, 400, and 500 µm.  Following the photolithography, the electron-beam evaporator 
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was used to deposit Ti/Au on the sample.  Two hundred fifty angstroms of titanium is 
deposited followed by approximately 3000 Å of gold.  Metal liftoff is then performed.  
Individual laser bars are then isolated from each other by a mesa etch.  The mesa etch 
used for GaAs based devices is H2SO4:H2O2:H2O (1:8:200).  The device structure is 
etched down to the AlAs sacrificial layer.  The etch used was a timed etch as the etch 
does not stop on AlAs.  First a short etch was performed to determine the etch rate of the 
AlAs in the solution.  After the etch rate was determined, the remaining structure was 
etched to the final depth of 3.1685 µm, the total thickness of the epitaxial laser structure.  
Once the devices are isolated, Apiezon W black wax is melted on top of the samples.  
The wax is used as a handling layer for lasers following substrate removal and laser 
cleaving.  Substrate removal is achieved by immersing the samples in 10% HF for at least 
six hours.  There is a large selectivity (>108) [75] between the GaAs layers and the AlAs 
layer.  This allows the AlAs layer to be selectively and laterally etched without affecting 
the surrounding GaAs material.  Once the AlAs is completely etched away, the black wax 
encased device floats away from the GaAs substrate.  The thin-film devices are removed 
from the etch and are then attached to a thin piece of flexible metal.  The metal is used to 
flex the laser bars along the crystal axis.  The wedge cuts in the material promote 
cleaving at those locations.  The devices are then placed on a transfer diaphragm.  The 
transfer diaphragm is simply a silicon ring with a transparent mylar film stretched across 
the opening.  The mylar is attached with baked photoresist.  The devices are attached to 
the transfer diaphragm using a drop of de-ionized water and they are allowed to dry.  The 
black wax is removed by immersing the diaphragm in TCE.  Once all the wax is 
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removed, cleaved lasers remained on the transfer diaphragm.  The lasers are then ready to 
be transferred to various substrates for integration. 
 Thin-film laser integration began with the deposition of a bottom laser contact on 
a silicon substrate.  This is achieved by using negative photolithography to define the 
contact location.  The ebeam evaporator was then used to deposit 250 Å of titanium 
followed by 2250 Å of gold.  Liftoff procedures were then employed to define the TiAu 
pads.  Lasers were transferred to these pads using the Mylar transfer diaphragm.  
Polyimide was then deposited on the sample following the transfer of the laser to the 
bottom contact pad.  HD Microsystems PI2610 is used.  The polyimide was spun on at 
4000 rpm for 45 seconds.  At this viscosity, a layer of polyimide that was approximately 
1.1 µm is obtained.  The polyimide provided electrical isolation of the contact pads.  The 
polyimide, hypothetically, also improved electrical connectivity by pushing the device 
completely down on the pads.  The polyimide was then cured in order to ensure 
resistance to the subsequent processing steps.  This cure is detailed in Table 2.   
Table 3 Polyimide cure cycle 
Temperature Ramp 3°C/min. 
Initial Process 130°C for 30min. 
Pre-cure 250°C for 30min. 
Final cure 350°C for 60min. 
 
Aluminum was then deposited on the polyimide coated surface using the thermal 
resistance evaporator.  This Al layer was used as a mask layer for subsequent processing 
steps.  Negative photolithography was again performed to pattern the stripe on the 
surface.  The photoresist was then used as a mask, while a stripe window in the Al is 
etched using PAN etch.  The polyimide was then etched using a SF6/O2 plasma in the 
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RIE.  Once the stripe was open in the polyimide, the aluminum mask was removed using 
Microposit 351 developer.  Negative photolithography was then performed to define to 
the top contact.  AuGe/Ag/Au was deposited as a top contact using the thermal resistance 
evaporator.  Metal liftoff was again performed to pattern the AuGe/Ag/Au contact.  A 
rapid thermal anneal was then performed to improve the ohmic contacts.  This completed 
the integration of the thin-film laser. A cross-sectional view of the laser can be seen in 
Figure 41. 
 
 
Figure 41 Cross sectional view of fabricated tin film laser. 
 
 Figure 42 illustrates a fabricated thin-film laser.  Figure 42a shows the fabricated 
lasers while Figure 42b shows the illuminated laser under bias. Figure 43 shows the LI 
curve obtained during operation of the laser.  The laser was pulsed using an ILX 
Lightwave IDP-3811 current source. A 100 µs pulse length and a 20% duty cycle was 
used.  Light was collected using an integrating sphere and measured using a Newport 
1835-C optical power meter with a calibrated photodetector.  Two distinct slopes are 
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present in the curve and a knee is present.  While it possible that the device is lasing, 
without measuring the spectrum of the device, it is not possible to say definitively.  
Regardless, the poor LI curve is due to low thermal diffusivity of the thin-film device. 
[76-78]  By removing the substrate, the thermal diffusivity of the device decreases by 5-7 
times.  Since heat is no longer transferred efficiently through the device, the build up in 
heat cause degradation in the device performance.  Several researchers have shown this 
phenomenon in the literature. [79-81]  The results of this work show similar trends. 
 
 
(a) 
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 (b) 
Figure 42 Thin-film laser. (a) Completely fabricated laser. (b) Illuminated laser under forward bias. 
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Figure 43 Li curve for thin-film laser diode. 
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4.4 Summary and Discussion 
 The fabrication of the relevant sensor technology used in this dissertation was 
presented in this chapter.  The first section reviewed the fabrication techniques used in 
the creation of the waveguide interferometers used in this research.  Also presented is a 
discussion of the sensing layer and the testing methodology used in the research.  Results 
obtained from the interferometric sensor created were also presented.  The second section 
detailed the results obtained when integrated the interferometric sensor onto silicon 
CMOS circuitry.  The integration process is detailed and the results obtained from the 
integration were discussed.  Ultimately, the integration was unsuccessful perhaps, due to 
the CMOS detectors being to far from the surface of the circuit.  The evanescent field 
does not extend far enough outside the waveguide to intersect with the detector.  The 
final section looked at the fabrication and characterization of the thin-film MQW edge 
emitting lasers.  Each fabrication step was detailed and the results obtained for the 
original on-wafer laser and the thin-film devices were presented. 
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Chapter 5 
Theoretical Model of the Integrated Sensor 
 
 
 
5.1 Laser simulation 
5.1.1 Simulation methodology 
Laser simulations were performed using ALDS.  ALDS stands for advanced laser 
diode simulator. [82]  Physically, ALDS views a semiconductor laser as a block diagram, 
] 
 Figure 44 Schematic drawing of a general semiconductor laser model. [8282
as shown in Figure 44.  In this analysis, current is injected into the laser through the laser 
contact.  The current generates electron-hole pairs in the laser cavity.  These electron hole 
pairs can recombine radiatively (gain) or non-radiatively (thermal).  Heat generated 
during non-radiative recombination can lead to changes in the index of refraction of the 
lasing materials and can impact the overall gain of the lasing medium.  Variations in the 
gain directly impact the index of the lasing material.  By taking into account, material 
refractive index and the gain function of the lasing structure, the output power and the 
lasing frequency can be determined.  Feedback from these two blocks directly impacts 
the gain of the laser, while the output power also impacts the carrier concentration of the 
laser medium.  Each of the relationships outlined above are clearly defined in equation 
form.  For this research, light-current relationships were established for several different 
lasing geometries.  A brief discussion of the equations and methodology relevant to these 
simulations will be detailed below. 
ALDS uses a hierarchical approach in solving simulation problems. [82]  This 
approach is used to decouple the localized cross-sectional equations from the fast-varying 
global longitudinal equations along the light propagation direction.  To achieve this goal, 
the simulation is divided into several different levels.  Calculations can be made at each 
level with less complicated constraints and verification of the results can be done far 
more easily than in a unified approach since the levels are decoupled from each other.  
An added robustness of this approach is that missing parameters do not immediately 
cause the simulation to fail.  As long as these parameters are simulated by another block 
in the simulation or entered before the end of the simulation, a self consistent solution can 
still be obtained.  Even omitting some parameters does not invalidate the results.  Since 
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the various characteristics of the simulated device are independently contained within 
discrete blocks, the overall solution can still be obtained without the missing data.   
The layout of the data input engine of ALDS can be seen in Figure 45.  The first 
data block represented by orange contains all the data relevant to structural input.  The 
green modules are responsible for making calculations concerning the structure and the 
material.  The turquoise data block handles threshold analysis.  The blue modules 
calculate parameters regarding system performance.  The last block is responsible for 
outputting the data in a graphical format.  The blocks must be run in order as the 
Figure 45 Layout of the ALDS data input engines. 
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simulation data is built from inputs of previous blocks.  For this research, the flow was 
followed all the way to the small signal analysis tool.   
The first data input into the ALDS engine are the geometric dimensions of the 
structure and the underlying material system.  The length of the active region is input, as 
well as the reflectivities of the mirrored facets of the laser.  This is all the data required 
for a 1-D treatment of the laser.  For three dimensional treatments, it is necessary to input 
individual material layers and their respective thicknesses.  The AlGaAs/GaAs system is 
included in the material library of the simulator.  Using this library, physical parameters 
such as band gap, index of refraction, and strain are calculated.  The doping concentration 
of the material layer is taken into account.  Specific parameters for the AlGaAs layers are 
calculated as a function of aluminum concentration.  The geometry of the laser contact is 
also input, along with the contact material system.  This is the bare minimum user input 
required to run the ALDS tool.  This data is passed to the material and structure solver to 
calculate the basic lasing parameters. 
The most relevant modules used in this research are the transverse optical solver, 
the material solver, the threshold analysis module, and the steady state analysis module.  
The underlying equations solved in these modules will be discussed below.  The 
transverse optical solver calculates the optical modal parameters.  These include the 
cross-sectional mode profile, the effective index, the group index, the confinement factor, 
the index and the gain/loss coupling coefficients.  The far field patterns are also 
calculated.   
The general governing equations of the optical field distributions in 
semiconductor lasers is given as [83] 
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where Ψ is the slowing varying dominant component for the transverse electric field and 
r is the position vector expressed in rectangular coordinates and k is the reference 
wavenumber, 2π/λ..  In this configuration, the laser waveguide axis lies along the z axis.  
The laser optical frequency is given by ω, c is the speed of light in free space, and µ0 is 
the magnetic permeability in free space.  The functions g(r,t), fs(r,t), and α(r) are the 
optical gain distribution, the spontaneous emission noise, and the optical loss distribution 
respectively.  The last two parameters are given by n  and gn .  These two parameters are 
the average index and the average group index respectively and are given by 
∫∫∫
Σ
Σ= Ldvrnn
L
/)(
0
        [21] 
∫∫∫
Σ
Σ= Ldvrnn g
L
g /)(
0
        [22] 
where L is the cavity length and Σ is the cross sectional area of the laser.  The total 
optical field in the laser cavity may be expressed as [83] 
( ) ( ) ( ){ } ( ) ( )∑ Φ=Ψ
m
mmmm yxEztjtSCtr ,exp, ϕ      [23] 
where E(x,y) is the transverse optical field profile of the local mode, Φm(z) is the 
longitudinal optical field amplitude, and Sm(t) and φm(t) are the photon number and phase 
numbers respectively.  Cm is a normalization factor.  By substituting Equation 23 into 
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Equation 20, an eigenvalue equation can be obtained.  The transverse optical solver 
solves this eigenvalue equation using the finite difference method, which is given by [83] 
( ) ( )[ ] ( ) 0,)(,,, 2222 =−+∇ yxEznzyxnkyxE efft      [24] 
where neff(z) was the local modal effective index of the laser waveguide.  The solutions 
of this equation gave the cross sectional optical field and the effective index.  The module 
calculated the far field pattern from this data using a fast Fourier transform (FFT) 
combined with a polishing algorithm based on the sampling theory used by ALDS.  The 
polishing algorithm repaired data imperfections so the FFT would not have to deal with 
data outliers and noise in the analysis.  This data smoothing allowed for simpler 
calculations and faster data analysis.  The other parameters are determined by calculating 
the overlap integrals of these functions. 
 The next module used was the material solver.  This block calculated the cross 
sectional material optical gain, the index change, the linewidth enhancement factors, and 
the material optical losses of the laser.  In order to determine these values, the wave 
functions and E-k (energy-momentum) dispersion relations in the conduction band were 
determined by solving the Schrödinger equation.  The wave functions and the E-k 
dispersion relations in the valence band were calculated by solving coupled Schrödinger 
equations.  The calculated wave functions and E-k relations are then used to calculate the 
material optical TE and TM gain using 
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where Γt is the Lorenzian linewidth broadening factor caused by intra-band scatterings, 
Lz is the well width, σ is the upper and lower blocks of the Hamiltonian, η is the electron 
spin state, l,m are the sub-band indices, is the optical dipole matrix element 
between the lth sub-band in the conduction band with a spin state η and the mth sub-band 
in the valence band of the 2x2 Hamiltonian H
ησ
lmM
σ, are the Fermi functions for the 
lth sub-band in the conduction band and the mth sub-band in the valence band of H
m
vc ff σ,1,
σ, 
respectively, and  are the lth sub-band energy in the conduction band and the 
mth sub-band energy in the valence band of H
σ,1 , vmc EE
σ at k, respectively.  The material index 
change is calculated using the Kramers-Kronig (K-K) transformation given by 
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The linewidth enhancement factor can then be calculated using 
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Once these calculations are completed, the material optical losses are calculated.  
The following five guidelines are used for these calculations: 1. Excitations from the 
conduction band minimum into higher-lying minima, excitations from the donor levels 
into the conduction band are neglected; 2. Free carrier absorption due to semi-classical 
plasma effects; 3. Excitations from lower lying bands into holes near the valence band 
maximum; 4. Excitations from the valence band into acceptor levels; 5. Optical scattering 
loss in the waveguide.  Using those guidelines, the material losses can be calculated by 
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performing an overlap integral between the total material loss distribution and the optical 
field intensity distribution over the entire cross section of the laser structure.   
Threshold analysis is then performed in the next block.  Threshold current and 
spectral information of the laser are calculated.  The information from the previous 
blocks is used to make these calculations.  Using these parameters the coupled mode 
equations, the photon number and the photon phase rate equations, and the carrier rate 
equations are solved self consistently.  The coupled mode equations are given by [83] 
( ) ( ) ( ) ( )zLjzRzjzR
dz
d
mmmmm κγ −−=       [28] 
( ) ( ) ( ) ( )zRjzLzjzL
dz
d
mmmmm κγ −=       [29] 
where γm (z) is the complex gain, κm(z) is the complex coupling coefficient, and Rm(z) 
and Lm(z) are the amplitudes of the forward and backward propagating waves in the laser 
chamber.  The photon phase rate equations are given by [83] 
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where gmodal(z) is the modal gain,  is the spontaneous noise emission rate, ξ( )tRspm m is the 
eigen value of the mth longitudinal mode.  The carrier rate equations for a MQW active 
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region are defined according the different sections of the laser structure.  The areas 
include the top separate confinement double heterostructure (SCH) layers, the well 
regions, the barrier region, and the bottom SCH layer.  The top and the bottom SCH are 
assumed to be adjacent to the upper and lower cladding regions in the laser structure.  
The wells and the barriers are located in between the two SCH layers.  Given this 
structural arrangement, the carrier rate equations are given by 
1.  The top SCH layers 
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2.  The jth well (j=1,2,3…Nw) 
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3.  The jth barrier (j=1,2,3…Nw) 
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4.  The bottom SCH layers 
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where Nw is the total number of quantum wells in the laser structure, X =  for 
the 1
( tzNTSCH ,
st well and X =  for the jth well.  The subscripts Wj and Bj denote the jth 
well and the jth barrier, respectively, while the subscript SCH combined with T or B 
designations denotes the top and bottom SCH layers.   represents the three 
dimensional and two dimensional carrier densities for the jth well, respectively.  The 
carrier densities in the two SCH regions are all three dimensional.  The terms , 
, , and  represent the depths of the top SCH layer, the bottom SCH 
layers, the jth well, and the jth barriers respectively.  The carrier transport time in the top 
SCH layer is given by
( tzNBj ,1−
( tzN DDWj ,2,3
T
SCHD
B
SCHD WjD BjD
dτ .  The carrier capture time and the carrier escape time of the jth 
well are given by  and  respectively.  These equations assume that the wells and 
the barriers have the same type of doping as the top SCH layers.  If this is not true, the net 
driving term  should be changed to 
 and placed on the right side of Equation 36 instead of the 
right side of Equation 32.  The top and bottom SCH layers are assumed to be adjacent to 
the top and bottom cladding layers respectively, with the well and barriers sandwiched 
between them.  Additionally, all the carrier densities are locally normalized. 
C
jτ Ejτ
LqtzItzI TSCHlar Σ− /)],(),([
LqtzItzI BSCHlar Σ− /)],(),([
 The equations above are solved using a damped iteration algorithm in ALDS.  
The equations are solved at discrete bias points.  The parameters generated in the 
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previous blocks are used as input into the computations.  In order to reach optimized 
computation efficiency, an adaptive step size technique is used during the bias looping 
procedure in the various iterations.  The calculations are concluded when the threshold 
current for the simulated laser is computed. 
 Following the completion of the calculations in the threshold analysis block, the 
final analysis performed using ALDS is the steady state analysis.  This block is used to 
calculate the device static performances as functions of bias current.  Using the same 
techniques described in the threshold analysis block, the performances are calculated over 
a range of bias currents specified from the user.  The light-intensity curves for the laser 
are the output that is extracted from this block. 
5.1.2 Simulation Results 
 Several different on-wafer and thin-film laser structures were simulated using the 
ALDS software.  The layer structure described in Chapter 4 Figure 38 was input into the 
software interface for the on-wafer devices.  ALDS contained a library of material 
parameters for common laser materials such as GaAs and AlGaAs.  Parameters were 
extrapolated for the AlGaAs layers as a function of aluminum and gallium composition.  
Layer doping was also accounted for in this step.  For each run performed, the end facet 
reflectivities and the cavity length were varied.  The cavity lengths that were examined 
are 300, 400, and 500 microns.  The Fresnel reflectivity for a GaAs based edge-emitting 
laser is 32%.  Mirror reflectivities upward of 90% can be achieved using coatings on the 
facets, which can improve the quantum efficiency and thermal characteristics of the laser 
and lower the threshold current. [84, 85]  Due to these considerations, reflectivities of 30, 
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40, and 50 percent were also examined.  A brief overview of the results can be seen in 
Chart 3. 
Table 4 Tabulated simulation results. 
Cavity Length 
(µm) 
Reflectivities (%) Threshold Current 
(mA) 
300 30-30 88.8555 
300 40-40 63.6255 
300 50-50 49.0855 
300 30-40 71.7555 
300 30-50 64.3455 
300 40-50 55.1155 
400 30-30 83.0406 
400 40-40 64.7206 
400 50-50 53.3206 
400 30-40 70.7506 
400 30-50 65.2306 
400 40-50 58.1206 
500 30-30 83.9658 
500 40-40 68.8258 
500 50-50 58.9758 
500 30-40 73.8558 
500 30-50 69.2258 
500 40-50 63.1458 
 
Figure 46 looks at the effects of varying the facet reflectivities of the lasers.  The laser 
cavity was held at 500 microns and the reflectivity was varied between 30, 40, and 50 
percent.  The slope efficiencies for each plot are (a) 26.6% (b) 35.7% and 51.6% (c) 
31.3% and 63.2% (d) 47.9% (e) 39.1% and 54.7% (f) 44.5%.   
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Laser Cavity: 500 microns
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Laser Cavity: 500 microns
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(e) 
Laser Cavity: 500 microns
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(f) 
Figure 46 Simulated LI curves for lasers with a cavity length of 500 µm and varying mirror 
reflectivities. The reflectivities are as follows (a) 30/30 (b) 30/40 (c) 30/50 (d)40/40 (e) 40/50 (f) 50/50. 
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 The facet reflectivities were held at 30 percent and the cavity length was varied between 
300, 400, and 500 microns.  The results can be seen in Figure 47.  The laser efficiencies 
fore each plot are (a) .845% (b) 19.5% and (c) 26.6%. 
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(b) 
Laser Cavity: 500 microns
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(c) 
Figure 47 Simulated LI laser results for laser diodes with 30/30 mirror reflectivities. The cavity 
length is varied as follows (a) 300 (b) 400 (c) 500. 
 
Upon completion of theses results, ALDS was used to simulate thin-film laser results.  
These results are summarized in the chart below. 
Table 5 Thin-film laser simulation results. 
Cavity Length 
(µm) 
Reflectivities (%) Threshold Current 
(mA) 
300 30-30 133.2080 
300 40-40 95.3482 
300 50-50 73.5382 
300 30-40 111.2580 
300 30-50 96.4582 
300 40-50 82.5882 
 
5.1.3 Simulation vs.  Experimental and Conclusions 
 The experimental results obtained for on-wafer and thin-film lasers were 
presented in Chapter 4.  While general shape is similar in both the experimental and 
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theoretical results, there are differences with regard to threshold current and total output 
power.  While some of these differences can be attributed to minor difference in mirror 
reflectivity, a large degree of the error can be attributed to thermal heating in the device.  
During the experimental tests for the onwafer lasers, no active cooling methods were 
applied.  The lasers were simply mounted on a copper chuck and tested.  The error caused 
by heat between the thin-film experimental and theoretical results is a bit more 
pronounced. 
 Central to the error between the thin-film results is the thermal diffusivity of the 
thin-film device.  Thermal diffusivity is the ratio between the thermal conductivity and 
the volumetric heat capacity.  The thermal conductivity tracks the ability of a material to 
conduct heat, while the volumetric heat capacity describes the ability of a given volume 
of a material to store heat while undergoing a given temperature change.  Given these 
definitions, the higher the thermal diffusivity the greater the ability of a material to adjust 
its temperature toward the temperature of its environment.  Several authors have shown 
that the thermal diffusivity of thin-film materials is often smaller than their bulk 
counterparts. [76, 78, 86-89]  Chen et al. have shown that removing the substrate can 
decrease the thermal diffusivity by a factor of five to seven. [77]  In the thin-film devices, 
device performance degradation is increased by the same size factor.  The performance 
hit can be seen in the experimental and the theoretical data.  Differences between the 
experimental and theoretical results can also be attributed to the bonding mechanism 
between the thin-film laser and the silicon substrate.  This mechanism creates an 
insulating interface, which prohibits vertical conduction between the laser and the 
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substrate.  [22]  The authors also showed that this insulating interface can be overcome 
by usually well designed metal contacts. 
5.2 Laser-Waveguide Coupling 
5.2.1 Simulation methodology 
 All simulations between the thin-film laser and the interferometric waveguide 
structures were performed using APSS (Apollo Photonic Solutions Suite). [90]  APSS 
was used to perform two specific functions.  First, the modal profiles of the laser 
structures and the interferometric waveguide structures were generated using the finite-
difference method.  Using these results, an overlap integral between the laser and the 
waveguide was performed in order to calculate the coupling between the two under 
various conditions.  This section will outline the theoretical background necessary to 
perform these calculations. 
 The modal profiles of each structure are calculated using the finite-difference 
method.  The calculation begins with three sets of equations which can be used to 
describe a waveguide, full-vector wave equations, semi-vector wave equations, and the 
scalar Helmholtz equation.  These equations can all be derived from the Maxwell 
equations.  The full-vector wave equation in terms of the transverse electrics fields for 
anisotropic waveguides is given as [90] 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
y
x
y
x
yyyx
xyxx
E
E
E
E
PP
PP 2β        [37] 
where the operators are given by [90] 
( )
2
2
2
2
22 1
y
E
En
xnx
EknEP xxxx
xx
xxxxxx ∂
∂+⎥⎥⎦
⎤
⎢⎢⎣
⎡
∂
∂
∂
∂+=      [38] 
 100
( )
2
2
2
2
22 1
x
E
En
yny
EknEP yyyy
yy
yyyyyy ∂
∂+⎥⎥⎦
⎤
⎢⎢⎣
⎡
∂
∂
∂
∂+=      [39] 
( )
yx
E
En
ynx
EknEP yyyy
zz
yxyyxy ∂∂
∂+
⎥⎥⎦
⎤
⎢⎢⎣
⎡
∂
∂
∂
∂+=
2
2
2
22 1      [40] 
( )
yx
E
En
xny
EknEP xxxx
zz
xyxxyx ∂∂
∂+
⎥⎥⎦
⎤
⎢⎢⎣
⎡
∂
∂
∂
∂+=
2
2
2
22 1      [41] 
The full-vector wave equation in terms of the transverse magnetic fields can also be 
derived.  It is given as [90] 
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where the operators are defined as [90] 
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The full-vector wave equation is a complete description of all conditions of the 
waveguide.  It considers polarization dependence (Pxx ≠ Pyy and Qxx ≠Qyy) and the 
polarization coupling (Pxy ≠ 0, Pyx ≠ 0, Qxy ≠ 0, and Qyx ≠ 0).  Both the polarization 
dependence and the polarization coupling are dependent on waveguide geometry and 
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material composition.  These polarization dependence and coupling become only 
dependent on waveguide geometry if the waveguide is isotropic (  
and ).   
2222 nnnn zzyyxx ===
022 == yxxy nn
 The semi-vector wave equations and the Scalar Helmholtz equation are special 
cases of the full-vector wave equations. [90]  For the semi-vector wave equations, the 
polarization coupling of the waveguide is weak and can be neglected.  This condition 
exists in many practical optical waveguides.  In this condition, the full-vector wave 
equations can be reduce to two decoupled equations for the electric fields given as [90] 
xxxxx EEP
2β=          [47] 
yyyyy EEP
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The magnetic field version of the equations is given by [90] 
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For the scalar Helmholtz equations, the guide is assumed to be so weakly guided that 
polarization dependence can be ignored.  In this scenario the two semi-vector equations 
reduce to a single scalar wave equation given by [90] 
EPE 2β=           [51] 
where the scalar operative is given by [90] 
2
2
2
2
22
x
E
y
EEknP ∂
∂+∂
∂+=         [52] 
 102
During the finite-difference method, all of the equations defined above undergo 
discretization.  The results is a system of linear equations in the form [90] 
EAE 2β=           [53] 
where A is a sparse matrix.  The power method is used to solve for the eigen-values and 
eigenvectors of the sparse matrix.  These solutions correspond to the propagation 
constants and the modal field profiles of the calculated modes.  These results can be used 
to generate a modal field pattern which can then be passed on to the overlap integral 
calculation. 
5.2.2 Simulation Results 
The overlap integral calculates the total power that couples from one waveguide 
mode to another waveguide mode.  In order to simplify the calculation, only the first 
order mode was considered for this simulation.  This assumption was made due to the 
majority of the laser power being contained in the fundamental mode.  A thin-film laser 
with a 10 µm stripe was simulated and the calculated mode was launched into a silicon 
oxynitride/silicon dioxide waveguide.  Three different core thicknesses were simulated; 
0.25 µm, 0.35 µm, and 0.50 µm.  These core diameters were chosen because evanescent 
coupling will still be viable at these diameters.  Waveguides larger than these will to 
. 
 Figure 48 Schematic of simulated waveguide and laser coupling103
tightly confine the light to the core and the sensitivity of a sensor of this design would 
drop dramatically as there would be little interaction between the light and the sense layer 
due to a small evanescent tail.  At these dimensions, the waveguide would be single-
mode in the vertical and multimode in the horizontal.  The silicon oxynitride core had a 
refractive index of 1.922, while the silicon dioxide cladding had a refractive index of 
1.465.  The simulation also examined the effects of vertical misalignment between the 
laser and the waveguide.  Due to fabrication variations, a range of 0-1 µm vertical 
misalignment was simulated.  Finally, the simulation was also used to examine the effect 
of waveguide separation from the laser.  Gaps of 0, 1, 2, and 5 microns were used in the 
simulation.  The experimental schematic can be seen in Figure 48. 
A quick summary of the lateral misalignment results can be seen in Table 5.  This 
data shows that very little misalignment can be tolerated in the integrated system.  Under 
ideal conditions, the maximum coupling between the waveguide and the laser is 
22.375%.  This value falls off rapidly as the lateral misalignment is increased.  With a 1 
µm gap between the laser and the waveguide, coupling is reduced by half for all of the 
various waveguide core diameters.  By time the misalignment is increased to 5 microns, 
the coupling decreases to approximately 4% for all core diameters.  Differences in modal 
profile between the waveguide and the laser are largely responsible for this small 
coupling efficiency. 
Table 6 Summary of coupling results obtained when simulating lateral misalignment between the 
laser and the waveguide. 
Waveguide Core Diameter 
(µm) 
Lateral Misalignment 
(µm) 
Coupling 
0.25 0 0.22375 
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Table 6 Continued 
0.25 1 0.1198 
0.25 2 0.07876 
0.25 5 0.03988 
0.35 0 0.21129 
0.35 1 0.11728 
0.35 2 0.07748 
0.35 5 0.03911 
0.5 0 0.21422 
0.5 1 0.11645 
0.5 2 0.07688 
0.5 5 0.03883 
 
A more detailed looked at these simulation results shows how sensitive this 
implementation is to vertical misalignment.  Figure 49 demonstrates graphically the 
alignment tolerance of the system at various gaps between the waveguide and the laser.  
The reason that the peak of the coupling efficiency does not occur at 0 µm of vertical 
misalignment is due to the structure definition in the software.  The lower left edge of the 
core is set to (0,0) for all of the structures, so the actual perfect alignment of the 
waveguide and the laser structure is at slightly different nonzero values depending on 
waveguide core thickness.  It is apparent that from these plots that there is an exponential 
drop off which occurs rapidly with slight misalignments.  For the 0 µm gap sample, the 3 
dB drop-off occurs with 0.25 µm vertical misalignment.  There is a slight improvement of 
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the 3 dB coupling data point at larger gap distances, but this comes at the expense of 
coupling efficiency. 
 
(a) 
 
(b) 
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(c) 
 
(d) 
Figure 49 Simulation results showing the impact of vertical misalignment and different gap 
thicknesses. (a) 0 µm (b) 1 µm (c) 3 µm (d) 5 µm. 
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5.2.3 Conclusions 
 As evidenced from the results detailed above, the entire sensor system is highly 
sensitive to vertical or lateral misalignment between the laser and the waveguide.  Even 
perfectly aligned, the system only can reach 22% coupling efficiency as currently 
designed.  As lateral alignment is increased, the system rapidly falls off, reaching 4% at a 
lateral separation of 5 µm.  These coupling values are largely due to modal mismatch 
between the laser active region and the waveguide core.  Vertical misalignment show the 
same sort of sensitivity as coupling efficiency drops rapidly with increasing 
misalignment.  All simulations show a 3 dB drop-off of coupling efficiency in less than 1 
µm of vertical misalignment.  These results indicate that a system designed in this manner 
would be high difficult to build and would require very stringent processing controls as 
the tolerances are extremely tight. 
5.3 Summary and Discussions 
 A theoretical analysis of the optically embedded sensor is presented is presented 
in this chapter.  The first detail examines the thin-film lasers fabricated in Chapter 4.  The 
ALDS software package is presented and the analysis techniques used by the software are 
examined.  Various lasers designs were simulated and compared to the fabricated 
devices.  While the shape of the theoretical curves was similar to the fabricated results, 
the software was unable to account for the thermal impact in the laser testing.  This was 
particularly evident in the thin-film laser simulations.  The software was unable to 
properly account for the lack of heat transfer due to the substrate removal.  The second 
section looked at the coupling between the thin-film laser and the waveguide 
interferometer.  APSS was used to simulate the coupling in between these two 
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components.  The simulation methodology of APSS was presented and the coupling 
efficiency between the laser and the waveguide was calculated.  A maximum coupling 
efficiency of approximately 22% was calculated for ideal conditions.  This efficiency 
decreased to 4% with an air gap of 5 µm between the waveguide and the laser.  Lateral 
alignment also proved critical as a 3 dB drop could be seen with less than 1 µm 
misalignment for all scenarios. 
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Chapter 6 
Conclusions and Recommendations 
 
 
 
 The design and fabrication of thin-film edge emitting lasers and 
chemical/biological sensors are contributions to the field of embedded optical sensors and 
systems.  This dissertation details the first heterogeneously integrated chemical/biological 
CMOS sensor system.  To achieve that goal, thin-film edge emitting GaAs lasers were 
developed. A dielectric waveguide sensor scheme was also developed and demonstrated. 
The first section of this chapter details the significant results reported in this thesis. The 
second section details the future research directions of this work. 
6.1 Summary of the Results 
6.1.1 Design and Fabrication of Optically Embedded Interferometric Sensors 
 In this dissertation, a fabrication plan for an integrated sensor system was 
described and demonstrated.  The major components of the system were a thin-film edge 
emitting laser, a Mach-Zehnder interferometric waveguide sensor, and CMOS circuitry.  
A fabrication plan for the thin-film lasers based on the wedge-induced facet cleaving 
method was outlined.  On-wafer lasers were first produced to demonstrate the 
performance of the laser material.  These lasers showed a threshold of 60 mA and an 
output power of 3 mW with a 10 µm strip contact.  All results were obtained under pulsed 
conditions.  The thin-film laser results were not particularly good. Extreme heat 
degradation caused the laser to perform very poorly. 
 A detailed fabrication process for the interferometric waveguide sensor was also 
detailed in this dissertation. The sensor was first fabricated on silicon wafers to 
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demonstrate sensor operation.  Clear modal changes were observed when various 
chemicals were introduced into the completed sensor structure. 
6.1.2 Theoretical Analysis of Optically Embedded Interferometric Sensor Technology 
 A theoretical analysis of the thin-film edge emitting lasers and the coupling 
between the laser and the waveguide sensor was presented.  Laser of varying cavity 
length and mirror reflectivity were simulated.  Results of these simulations were 
tabulated and presented.  It was shown that while the shape of the actual curves, matched 
their theoretical counterpart, the threshold current and the laser power did not. This was 
shown to be due to device overheating in the case of on-wafer lasers and thermal 
diffusivity in the case of thin-film laser. 
6.2 Future Research 
 Throughout the pursuit of this research, several areas have been identified which 
require future research to improve upon the design and functionality of the sensors 
described within this thesis.  The work presented in this thesis details a first effort to 
realize sensors of this design.  Optimization of the components of the system would be 
necessary in any future designs.  The following paragraphs will describe several areas 
that should be explored when forwarding this work. 
 One of the major stumbling blocks of this work was the inability to couple 
successfully from the sensor interferometers to the underlying CMOS detectors.  The 
main mechanism of coupling used was evanescent coupling.  This coupling mechanism 
was chosen due to its simplicity and fabrication ease.  More efficient coupling 
mechanisms can be fabricated at the cost of increased overall system complexity.  For 
future endeavors, it would be prudent to use grating couplers to achieve this goal.  
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Several research groups have reported grating couplers used in this manner. [91-96]  
High coupling efficiencies have been reported with these structures and these efficiency 
levels will allow for a smaller power budget for the overall system.  The main difficulty 
with this approach is how to integrate it into the current design. Patterning could be 
achieved through ebeam lithography, but a compatible material system would have to be 
chosen for the gratings. 
 Another coupling difficulty arose between the laser and the waveguide sensors.  
Simulations showed that significant mode mismatch existed between the laser and the 
waveguide facets.  Similar with the detector coupling, this problem could be solved with 
grating couplers. It may also be beneficial to examine adiabatic waveguide tapers.  These 
taper have been used extensively to convert the mode of one waveguide to match the 
mode shape and size of another waveguide.  The majority of this work has been focused 
on coupling between semiconductor waveguides and single mode fiber, though there has 
been a small amount of work done involving dielectric waveguides. [97-102]  A careful 
analysis of the mode profile of the laser would have to be performed.  After this is 
completed, an adiabatic taper could be designed which would accept the mode profile of 
thee laser.  Almost all the research done in this area involves monolithic approaches 
performed in semiconductor systems.  This technology would have to be adapted to a 
heterogeneous dielectric implementation.  Once adapted, it is possible that high coupling 
could be achieved between the lasers and the waveguide sensors.  Another major hurdle 
of this approach is that the adiabatic taper usually requires a great deal of space.  The 
taper has to occur over a great distance to minimize the loss that occurs during the mode 
conversion.  Since this work involves minimizing the sensor onto a single CMOS circuit, 
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topology constraints must be strictly adhered to.  Space concerns would have to be 
alleviated before the tapers could be integrated into the system. 
 The temperature dependence of the lasers fabricated for this work will also 
require further study.  As indicated above, van der Waals bonding acts as a block for 
efficient heat transfer between the thin-film device and the sensor substrate.  As a result 
of this lack of heat transfer, the increased heat of the laser decreases the output power of 
the laser and increases its threshold current.  Two different solutions merit investigation. 
The first involves investigating and integrated thermal cooler for the thin-film laser. 
Coolers of this nature have been examined thoroughly in the literature. [103-107]  The 
main challenge would be how to adapt this technology to thin-film devices.  The lack of a 
substrate make those devices particularly fragile, thus handling after fabrication is very 
difficult.  Any cooler would have to be integrated into the process so that the handling of 
the thin-film device is minimized.  The second solution involves using on wafer laser 
instead of thin-film devices.  The presence of the device substrate would lessen the need 
for device cooling though it still may be required.  This solution would add difficulty 
with integration of the system and would have to be carefully considered.  Regardless, a 
more rigorous cooling solution would have to be implanted in any future sensor system of 
this design. 
 The optical source chose for this work was a thin-film edge emitting laser.  The 
original Hartman sensor used a packaged VCSEL.  It might be advantageous to explore 
integrating a thin-film VCSEL into the sensor system.  The low power consumption of 
the VCSEL would lead to a device which generates less heat, so cooling, while still a 
concern, would not be as sever a problem as it is with the edge emitting device.  A 
 113
VCSEL would also integrate very well with a grating coupler, eliminating the need for an 
adiabatic taper on the waveguide.  The added complexity of the VCSEL structure would 
add some fabrication difficulties, but consideration of the VCSEL source could prove 
worth the time. 
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